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Efficiency, cost and environment-friendly must be considered when developing energy conversion 
and storage systems such as solid oxide fuel cell (SOFC), metal-air battery (MAB), water splitting, 
and solar synthetic reactor. Particularly, in terms of efficiency, improvement of catalytic activity for 
oxygen reduction and evolution reactions (ORR and OER) is most important. To date, noble metal 
catalysts (such as platinum (Pt), ruthenium oxide (RuO2), and iridium oxide (IrO2)) are generally used 
because of their high catalytic activity. However, it is limited to use the noble metal catalysts for 
large-scale applications due to their expensive cost and scarcity. In this regard, the simpler and more 
economical design of bifunctional catalysts will directly benefit efficient energy conversion and 
storage systems. Recently, it is received enormous attention that the development of transition-metal 
oxide materials because of their cheap cost and high performances. Among the transition-metal oxide 
materials, perovskite oxides are reported as exceptional electrocatalysts due to their outstanding 
catalytic activity, excellent cyclic stability, and high conductivity. 
This dissertation focuses on the analysis of the catalytic factors which can affect ORR and OER with 
perovskite catalysts and develop new perovskite catalyst cathode materials for MAB and SOFC 
applications. These materials thus can be presented as a promising catalyst with remarkable 
performances and stabilities. Herein, I introduce my research papers studying perovskite catalysts as 
following, 
 
1. Conductivity-Dependent Completion of Oxygen Reduction on Oxide Catalysts 
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Chapter Ⅰ. Introduction 
 
1.1 Motivation Statements 
As growing global energy demand requires, the importance of development of advanced energy 
conversion systems is also increasing due to their environment-friendly process, low cost and high-
energy density. Solid oxide fuel cell (SOFC) and metal-air battery (MAB) are clean and sustainable 
energy conversion devices compared with fossil fuel energy devices.1-3 Especially, to alternate fossil 
fuel energy devices, it is necessary to improve their electrical performances and energy efficiency. To 
secure the high electrical performances, noble metal catalysts (Pt, IrO2, RuO2, etc.) are commonly 
used because of their high catalytic activity. However, noble metal-based catalysts interfere with 
large-scale applications due to their rarity and high cost. To overcome the problem, it is necessary to 
develop new bifunctional catalysts, which composed of non-precious elements, for oxygen reduction 
and oxygen evolution reactions (ORR and OER).4-7 In recent years, it has actively researched and 
developed that inexpensive electrode catalyst using a transition metal as a raw material.8-15 Among the 
transition metal-based materials, particularly, perovskite-type structures have shown synergistic 
catalytic activities with high efficiency for both ORR and OER.16-18 The perovskite oxides composed 
of rare earth or alkali metal at the A-site and transition metal at the B-site, and they have been 
applicable as a electrocatalyst for advanced energy conversion systems.19-25 
This manuscript concentrates on to figure out the relationships between controlling factors (electrical 
conductivity, surface area, microstructural morphology, A-site dopant, and B-site dopant) and catalytic 
properties of perovskite oxides. Furthermore, this manuscript introduces newly developed perovskite 




1.1 Kinetics and mechanism of the ORR and OER 




−+2 H2O ←⃗⃗⃗  4 OH
−         (n = 4) (1.1.1) 
 
In contrast, a two-electron transfer pathway is partly responsible for the ORR current; does not 
complete a turnover of the ORR but generates peroxide as an intermediate product. 6–11 
 
O2+2𝑒
−+2 H2O →  HO2
− + OH−    (n = 2)  (1.1.2) 
 
Number of electron transfer (n): 
The disk currents (Id) result from both 4e and 2e ORR processes. Hydrogen peroxide (HO2
−) is 
produced only from the 2e ORR process, which is detected on the ring electrode (Ir) by re-oxidizing 
the hydrogen peroxide. Therefore, both n and the amounts of peroxide production (HO2
− %) are 
determined by comparing the values of Id and Ir at the same moment via the following equations; 
 
n = 4 × 
Id
Id+Ir 𝑁⁄
    (1.1.3) 
 
HO2
−(%) = 200 × 
Ir 𝑁⁄
Id+Ir 𝑁⁄
   (1.1.4) 
 
where N is the collection efficiency as a measure of a fraction of hydrogen peroxide produced on disk 
electrode to be detected on ring electrode. The value of N for the RRDE we used was measured by 
using 10 mM aqueous electrolyte of potassium ferricyanide (K3[Fe(CN)6]) in 0.1M KOH in a three 
electrode configuration (RRDE as the working electrodes, Pt wire as the counter electrode and 
Hg/HgO as the reference). The disk potential was swept from 0.6 V to -0.5 V at various rotating 
speeds while the ring potential was fixed at 0.6V. The N value estimated by the ratio of the limiting 
ring current to the limiting disk current was determined at 0.412, which was close to 0.424 that is the 
theoretically calculated value based on the dimension and geometry of our RRDE. 
 
Levich equation: 
Levich equation models the diffusion and solution flow conditions around the RRDE. The Levich 




iL = 0.62 n F A DO2/3 ω1/2 ν-1/6 CO*  (1.1.5) 
 
where iL is limiting current, n is overall electron transfer number, F is Faraday constant (96,487 C 
mol−1), A is geometric area of electrodes, D is diffusion coefficient of oxygen, C is concentration of 
O2 in the aqueous solution (mol L−1), ν is kinematic viscosity of electrolyte (0.01 cm s−1), and ω is 
electrode-rotation rate (rpm). 
 
Tafel equation: 
The Tafel equation is an electrochemical kinetics equation that relates the electrochemical reaction 
rate to the overvoltage. The Tafel equation can be stated as; 
 
η = a + b log i  (1.1.6) 
 
a = ln io / (α*n*f)  (1.1.7) 
 
b = -2.3 / (α*n*f)  (1.1.8) 
 
f = F / RT  (1.1.9) 
 
where F is Faraday constant, η is overpotential, i is current, io is exchange current, n is number of 




1.2 Solid Oxide Fuel Cell (SOFC) 
 
 
Figure 1.1 Schematic illustration of solid oxide fuel cell. 
 
Solid oxide fuel cell (SOFC) is a kind of fuel cell which use solid oxide materials as the electrodes 
and electrolyte. Recently, the SOFC has been actively studied as a new generation device due to their 
high conversion efficiency, eco-friendliness, and fuel flexibility. As shown in the Fig. 1.1 The solid 
oxide electrolyte conduct oxygen ions from the cathode to the anode. The overall cell reactions of fuel 
cells are given in equation as follow, 
 
Anode reaction:   2H2 + 2O2- → 2H2O + 4e-   (1.2.1) 
Cathode reaction:   O2 + 4e- → 2O2-    (1.2.2) 
Overall cell reaction:  2H2 + O2 → 2H2O   (1.2.3) 
 
The SOFCs are typically operated at high operating temperature (1073-1273 K), leading some 
problems such as high operating costs, sealing problem from thermal expansion mismatch, and the 
electrode, and unexpected reactions between the electrolyte and the electrode. 
Therefore, recent researches of SOFC are focused on the intermediate temperature (IT) operation 
ranging (773-923 K). The lower operating temperature was solved the problems, however, the 
catalytic activities of cathode and anode materials also decreased significantly with lower temperature. 
Thus, the development of efficient electrode materials at intermediate temperatures is believed to be 
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important in improving the performance of IT-SOFC devices.26-33 The suitable electrode material for 
IT-SOFCs should have high electronic conductivities, ionic conductivities, and catalytic activities. 
Mixed ionic and electronic conductor (MIEC) is one of candidate of electrode material for IT-SOFC 
which has the capability to conduct oxygen ions and electrons simultaneously are strong candidates. 
To understand the ORR at the cathode of SOFC, it is important to know that ORR occurs only at 
electrochemical reaction site, called triple-phase boundary (TPB), where the electronic conductor, 
ionic conductor, and gas contact. A schematic illustration of of electrochemical reaction at TPB is 
shown in Fig. 1.2. 
 
 
Figure 1.2 Schematic illustration of electrochemical reaction at triple-phase boundary (TPB) 
 
However, the TPB concept is insufficient to explain mechanism of SOFC, due to another ORR-related 
factors such as interfacial kinetics, surface transport, and chemisorption. The electrochemical 
reduction operates in a series of electrochemical process resulting in the production of oxygen ions; 
adsorption, dissociation, surface diffusion, and charge transfer.34 The electrochemical reduction of the 
oxygen molecule is expressed as; 
 
O2, gas + 2𝑉O
•• + 4e′ → 2OO
𝑥   (1.2.4) 
 
where, 𝑉O
•• is oxygen-vacant site and OO
𝑥  is oxygen-ion in the regular oxygen site, in Kroger-Vink 
notation. As shown in the equation (1.2.4), the ORR not only requires the oxygen and electrons but 
also the transport ability to carry the generated oxygen ions from the reaction site to the inside of the 
bulk electrolyte. Furthermore, the cathode material should also have compatibility with the other cell 
components, and chemical and structural stability at high temperatures and in oxidizing atmosphere. 
To enhance the explanation of the mechanism, Adler et al. reported continuum model of the ORR 
mechanism at porous mixed-conducting cathode.35 This ALS model provides a mechanism whereby 
oxygen molecules are chemically reduced at the gas/mixed conductor interface and transported 
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through the mixed conductor by solid state diffusion. The chemical exchange of oxygen at the 
gas/mixed conductor interface was considered as non-charge transfer process. Figure 1.3 presented the 
summary of oxygen reduction mechanisms, which is well known as the rate-determining of the 
oxygen reduction at the cathodes. 
 
 
Figure 1.3 Some mechanisms thought to govern oxygen reduction in SOFC cathodes. Phases α, β, 
and γ refer to the electronic phase, gas phase, and ionic phase, respectively: (a) Incorporation of 
oxygen into the bulk of the electronic phase (if mixed conducting); (b) adsorption and/or partial 
reduction of oxygen on the surface of the electronic phase; (c) bulk or (d) surface transport of O2- or 
On-, respectively, to the α/γ interface, (e) Electrochemical charge transfer of O2- or (f) combinations of 
On- and e-, respectively, across the α/γ interface, and (g) rates of one or more of these mechanisms 





1.3 Metal-Air Battery (MAB) 
 
 
Figure 1.4 Schematic illustration of metal-air batteries. 
 
Metal-air batteries (MABs) have been received as a next-generation energy conversion and storage 
device due to their high energy density. A noteworthy feature of metal-air batteries is the open-cell 
structure, because these batteries use oxygen gas from the air as a cathode material. Generally, metal 
air batteries are divided into two types depending on the electrolyte; water-based electrolyte and 
aprotic solvent-based electrolyte cell system (aqueous and aprotic systems). Metal-air batteries can 
apply various metals as anode such as Li, Na, Mg, Fe, Al, Zn, etc. Among various metals, Al, Fe, and 
Zn are appropriate for the aqueous system, and Li, Na, and Mg are suite for the aprotic system.36  
 




(of metal, Wh kg-1) 
Theoretical Specific 
Energy 
(of cell, Wh kg-1) 
Calculated Open-
Circuit Voltage (V) 
Li 13000 5200 2.91 
Ca 4600 3000 3.12 
Mg 6800 2800 2.93 
Al 8100 4300 1.2 
Zn 1400 1100 1.65 
Fe 2000 1400 1.3 
 
As shown in the Fig. 1.4, the Li and Zn are representative anode metals, which have different 
operation mechanism for each air battery systems. 
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For the Li-air battery, Li ions move through electrolyte when performing Li-air battery. In an aprotic 
electrolyte Li-air battery, it is operated through following reduction reaction at the cathode; 
 
Li+ + e− + O2 → LiO2   Eo= 3.0 V vs. Li/Li+ (1.3.1) 
2LiO2 → Li2O + O2   (chemical reaction)  (1.3.2) 
Li+ + e− + LiO2 → Li2O2   Eo= 2.96 V vs. Li/Li+ (1.3.3) 
2Li+ + e− + Li2O2 → 2Li2O  Eo= 2.91 V vs. Li/Li+ (1.3.4) 
 
Therefore, the open-circuit voltage (OCV) of Li-air battery is determined by cathode reduction 
reaction. 
On the other hand, in the case of Zn-air battery, oxygen hydroxide ions (OH−) move through 
electrolyte when operating Zn-air battery. The reaction equations are notated as; 
 
Anode:    Zn → Zn2+ + 2e−      (1.3.5) 
Zn2+ + 4OH− → Zn(OH)4
2−  (Eo= −1.25 V vs. NHE) (1.3.6) 
Zn(OH)4
2− → ZnO + H2O + 2OH−    (1.3.7) 
 
Cathode:  O2 + 2H2O + 4e− → 4OH−  (Εo= 0.4 V vs. NHE) (1.3.8) 
Overall reaction:  2Zn + O2 → 2ZnO   (Eo= +1.65 V)  (1.3.9) 
 
Therefore, the open-circuit voltage (OCV) of Zn-air battery is determined by cathode reduction and 




1.4 Perovskite Oxide 
 
 
Figure 1.5 Unit cell structure of perovskite oxide. 
 
The perovskite oxide is one kind of mixed ionic and electronic conductor (MIEC), containing rare-
earth or alkaline-earth metal as A-site dopant and transition metal as B-site dopant.27, 30 Among the 
various perovskite oxides, cobalt containing perovskite oxides ((A, A’)CoO3, A= lanthanides, A’= Sr, 
Ba, Ca, etc.) have received enormous interest due to their high electrocatalytic activity for oxygen 
reduction and evolution reactions.37-39  
For SOFC devices, the high performance of perovskite oxides was explained by their high catalytic 
activity, high electrical conductivity, high ionic conductivity, and structural stability. The high oxygen 
vacancy concentration in perovskite oxides not only facilitates migration of oxygen species on the 
surface but also inside of bulk of the electrode material.40 On the other hand, for MAB devices, the 
high performance of perovskite oxides was explained without ionic conductivity. Because, the 
catalytic reactions only occur on the surface of perovskite oxides in room-temperature condition. 
According to the previous reports, the oxygen ion diffusion coefficients was experimentally measured 
by means of the isotopic exchange depth profile method (IEDP). As shown in the table1.2, the 
La0.5Sr0.5CoO3-δ sample has diffusion coefficient of 2.6 * 10-9 and 2.0 * 10-21 cm2 s-1 at 600 and 25 oC, 
respectively.41 
 
Table 1.2 Diffusion coefficients of La0.5Sr0.5CoO3-δ. 
Composition Temperature (oC) Diffusion Coefficient (D*, cm2 s-1) 
La0.5Sr0.5CoO3-δ 
600 2.6 * 10-9 
25 2.0 * 10-21 
* For 25 oC, D* was extrapolated from high-temperature values 
 
This result implies and supports that the perovskite oxides only has enough ionic diffusivity in high 
temperature range rather than room-temperature condition. 
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The perovskite oxides have flexibility in terms of doping, we can easily control the intrinsic properties 
of perovskites (such as electrical conductivity, ionic conductivity, and catalytic activities) with 
changing the dopants in A and B cations. As shown in the Fig. 1.3, the mixture of rare-earth metals 
(generally lanthanides) and alkaline-earth metals (such as Sr, Ca, and Ba) usually occupies A-site.  
While, the transition metals (such as Mn, Co, Fe, and Ni) occupies B-site with one or several mixed-
valence.42  
When Ba partially doped in A’ as substitution for A-site, the unit cell structure of perovskite oxide is 
changed to layered perovskite oxide (LnBaB2O5+δ, where Ln= La, Pr, Nd, Sm, etc., B= Co, Mn, Fe, 
etc.). The layered perovskite oxide has the same architecture with simple perovskite oxide (ABO3) as 
12-coordinate A-sites and 6-coordinate B-site. However, A-site cations (Ln and Ba) make an ordered 
structure along the C-axis described as a stacking sequence of 
… CoO2/BaO/CoO2/LnOx/CoO2/BaO/CoO2/LnOx … 
as shown in the Fig 1.6.  
 
 
Figure 1.6 Unit cell structure of layered perovskite oxide. 
 
The layered perovskite structure reduces the oxygen bonding strength in the [AO] layer and provides 
a disorder-free channel for ion motion, leading to all mobile oxygen ions are only migrated through 
the Ln-O plane. Moreover, the reduced oxygen bonding strength in the [AO] layer also enhances 
oxygen diffusivity.32, 43 Nowadays, layered perovskite oxides have attracted interest due to their higher 
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2.1 Introduction 
Electron conduction to electroactive sites is one of the necessary requirements for electrochemical 
reactions on electrodes in which the electroactive sites were immobilized. The statement sounds 
evident when considering a counter-extreme case that an active site embedded in an insulating matrix 
would not work for electrochemical reactions. Introducing conducting materials, such as carbon 
particles, to electrodes has proved helpful as a support for electrocatalysts in fuel cells (for example, 
platinum supported by carbon, or Pt/C), dye-sensitized solar cells, and as a conducting agent for 
lithium ion battery electrodes.1-12 It should be carefully considered which factors determining reaction 
rates or currents are affected by the electron pathway development increasing electron conduction 
throughout electrodes. Increasing the number of electroactive sites (as an extensive property) 
connected to the electric pathways is probably the primary reason for improvements in reaction rate.13, 
14 Decreases in ohmic loss leading to macroscopic potential drop is the second reason.15, 16 On the 
other hand, it is not clear whether the electron conduction affects intrinsic or intensive parameters 
characterizing electron transfer reactions. Rather, it is difficult to imagine that the standard rate 
constant (ko in k = ko exp(-nF/RT) from the Butler-Volmer equation, and not the exchange current 
(io)and the number of electron transfer (n) on each active site change with more conductive 
environments.17 In this work, we demonstrate that the intrinsic parameters of electron transfer varies 
by tuning electron conduction. The intrinsic and intensive parameters of interest here, which are 
independent of the number of active sites, are the number of electrons transferred for the overall 
process (noverall)and rate-determining step (nRDS) 




2.2.1 Material Preparation 
Perovskite oxide catalysts (BSCFO, LSCO and NBSCO) were synthesized by sol-gel method. 
Stoichiometric amounts of precursors (Nd(NO3)3·6H2O, Ba(NO3)2, Sr(NO3)2, Co(NO3)2·6H2O, 
Fe(NO3)3·9H2O and La(NO3)3·6H2O) were dissolved in distilled water with proper amount of 
Pluronic F-127. All chemicals were used as received from Aldrich. The solution was dried in the oven 
at 100 oC for one day. The precursor gel was heated up to 300 oC in air. Fine powders obtained during 
the combustion were calcined at 600 oC for 4 h and then annealed in air at 950 oC for 4 h. For 
measuring intrinsic electrical conductivity, the powder was pressed into pellets at 5 MPa and sintered 
in air at 1100 oC for 12 h instead of the thermal treatment at 950 oC for 4 h to achieve a relative 
density higher than 95%. There were no significant differences of crystallographic structures and 
oxygen non-stoichiometry between the powder samples annealed at 950 oC and the pellet samples 
sintered at 1100 oC. The value of δ of the as-synthesized NBSCO (NdBa0.25Sr0.75Co2O5+δ with δ = 0.9) 
was tuned from 0.9 to 0.93 by thermal treatment at 800 oC for 4hr in oxygen atmosphere. 
 
2.2.2 Physicochemical Characterization 
The elemental compositions of perovskite materials were characterized by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES). Their oxygen non-stoichiometry (δ) was measured by 
iodometric titration. The crystallographic structures of materials were characterized at a scan rate of 
0.6 o min-1 with the 2θ range of 20 o to 60 o by X-ray diffraction (XRD; Rigaku diffractometer 
D/MAZX 2500V/PC with Cu K radiation). Electrical conductivities were measured in air by a four-
point probe configuration. Ag wires as probes were connected to samples by Ag paste. The 
current/voltage was controlled/measured by a potentiostat (BioLogic VMP3) in a temperature range of 
25 to 700 oC. 
 
2.2.3 Electrode Preparation 
Catalyst inks were prepared by dispersing a catalyst and a conducting agent in 0.45 ml of ethanol, 
0.45 ml of isopropyl alcohol and 0.1 ml of 5 wt. % nafion solution (Sigma-Aldrich 274704). The total 
amount of the catalyst and the conducting agent was fixed at 20 mg. Carbon black (C; Akzo Nobel 
Ketjenblack 600JD) was used as the conducting agent at 0, 5, 20 and 50 wt. %. 5 ul of the catalyst ink 
was dropped on the disk compartment of ring-disk electrodes. Loading density of the composite of 
catalyst and conducting agent was fixed at 0.8 mg cm-2. For comparison, 20 wt. % platinum 





2.2.4 Electrochemical Characterization 
Cyclic and linear sweep voltammograms (CVs and LSVs) were obtained on disk and ring electrodes 
simultaneously by a bipotentiostat (iviumstat, Ivium Technologies). Ring-disk electrodes (RRDE) of 
glassy carbon disk and platinum ring was used as the working electrode (disk area = 0.1256 cm2) 
while a platinum wire and a Hg/HgO electrode were used as the counter and reference electrodes 
respectively. The RRDEs were rotated at various controlled speeds (1600 rpm unless otherwise 
indicated) by a RRDE controller (ALS RRDE-3A). An aqueous solution of 0.1M KOH was used as 
the electrolyte. ORR polarization curves were obtained on the disk electrode from a cathodic sweep 
from +0.1 V to -0.7 V (vs. Hg/HgO) at 10 mV s-1 after five cycles of CVs. The electrolyte was 
saturated by oxygen for ORR while it was purged by nitrogen to measure background currents. +0.4 V 
was applied to the ring electrode to estimate the amount of peroxide generated from the disk electrode. 
The polarization curves were selected at the 5th scan of voltammetry after confirming that the 
voltammograms did not significantly change during the initial ten cycles. The ORR stability of the 
perovskite oxide catalysts used in this work were guaranteed by the long-term cycle tests. The values 
of potential were converted from versus Hg/HgO to versus the reversible hydrogen electrode (RHE) 
by: Hg/HgO + 0.929 V = RHE. For the correction, the potential difference between Hg/HgO and RHE 
was measured in a cell where platinum wires were used as the working and counter electrodes in a 
hydrogen-saturated aqueous electrolyte of 0.1 M KOH with Hg/HgO as the reference electrodes. The 
open circuit potential was read at -0.929 V vs. Hg/HgO from LSV at 1 mV s-1. 
 
2.2.5 Simulation Models 
Cambridge Serial Total Energy Package (CASTEP) is used to calculate NBSCO (NdBa0.25Sr0.75Co2O6), 
PBSCO (PrBa0.25Sr0.75Co2O6), NBCO (NdBaCo2O6) and BSCFO (Ba0.5Sr0.5Co0.8Fe0.2O3) spin-
polarized electronic properties in this study. The cell size of 2×2×2 is used for NBSCO, PBSCO and 
NBCO.18 The cell symmetry of NBSCO, PBSCO and NBCO is P4/MMM. Generalized-gradient 
approximation (GGA) with Perdew, Burke and Ernzerhof (PBE) functional and ultrasoft 
pseudopotential are used.19-21 The Broyden–Flecher–Goldfarb–Shanno (BFGS) algorithm is used for 
the geometry optimization.22 NBSCO and PBSCO are optimized with fixed lattice parameter and 
NBCO is optimized with unfixed lattice parameter with 500GPa of compressibility since NBCO was 
made by changing Sr atom to Ba atom in NBSCO. For geometry optimization, convergence 
thresholds for the maximum energy change were set to be 1×10-5 eV/atom (for fixed lattice) and 5×10-
5 eV/atom (for unfixed lattice). Convergence thresholds for maximum force, stress, and displacement 
were set to be 0.03 eV/Å, 0.05 GPa, and 0.001 Å, respectively. The energy cutoff was set to be 500 eV 
for the fixed lattice parameter and 400 eV for optimizing lattice parameter. Convergence tolerance for 
the single atomic energy was set to be and 1×10-5 eV/atom. The sampling of the Brillouin Zone was 
１６ 
 
done with the Monkhorst-Pack scheme and for the integration, the number of k points of 2×2×2 were 
used.9, 23 For BSCFO, the perovskite unit cell was used with the mixed atom method and its symmetry 
was PM3M. Lattice parameters were fixed, and other calculation method were same as fixed lattice 




2.3 Results and Discussions 
The oxygen reduction reaction (ORR) was selected as a model system because its noverall, which is 
determined by peroxide formation, varies between 2 and 4. The values are determined by 
configuration of oxygen adsorption depending on the nature of catalyst active sites: 4e for bidentate 
adsorption versus 2e for end-on (monodentate) configuration on platinum catalysts.24-29 
 
 
Figure 2.1 (a) Four one-electron elementary steps constituting ORR on metal active sites (M) of metal 
oxide catalysts. Solid and dashed arrows with e- indicate the directions of external and internal 
electron transfer from potentiostats and the metal active site, respectively. Blue- and red-colored 
elements come from electrolyte (0.1m KOH) and dissolved oxygen, respectively. Oxidation numbers 
were indicated on top of the corresponding atoms. (b) Electrical conductivities (σ) of perovskite oxide 
catalysts in Arrhenius plots. Inset: Linear scale conductivity comparison between NBSCO0.9 and 
NBSCO0.93 for clarity. 
 
ORR, especially by oxide catalysts, consists of four one-electron (1e) elementary steps in series with 
four surface species on active sites along a turnover track: –OH−→ –OO2
− → –OOH− → –O2
− → –
OH− (Fig. 2.1(a)).24, 30, 31 Dioxygen molecules sit on metal atoms (M) of metal oxide catalysts in the 
monodentate configuration. The bond breakage of O–O of the surface peroxide (the 2e transfer 
１８ 
 
product formed after the second step in Fig. 2.1(a)) at step 3 is the step determining whether the 
overall reaction proceeds through a 2e or 4e electron transfer. A 4e transfer would be more encouraged 
if the peroxide intermediate were able to stay on the active sites (M) long enough to go forward to the 
next species before desorption, or if the rate of the steps after the peroxide formation (steps 3 and 4) 
were faster than that of the previous steps (steps 1 and 2). 
 
 
Figure 2.2 (a) Voltammograms of disk current of ORR in 0.1M KOH at cathodic scan (10 mV s-1) on 
1600 rpm. 5 wt.% carbon was used for BSCFO, LSCO, and NBSCO (Loading density, L=0.8 mg total 
cm-2 with total=oxide+carbon). 80 wt.% carbon was used with Pt (L=0.4 mg total cm-2). (b) Number 
of electrons transferred for overall processes (noverall). The values of noverall were calculated from 
currents on disk and ring electrodes along cathodic scan at the same rpm used in (a) during ORR. The 
average values (noverall) were calculated by averaging noverall values at 0.33 V and 0.53 V. (c) Number of 
electrons transferred for the rate-determining step (nRDS). nRDS values were calculated from Tafel 
slopes (b) by using the relationship: b = 60 mV dec-1/(nRDS ), where the transfer coefficient () was 
assumed to be 0.5. A single catalyst particle (yellow circle) surrounded by multiple carbon black 
(black circles) represents carbon compositions on the top of (b) and (c). 
 
Perovskite oxides, recently highlighted as catalysts for oxygen reduction and evolution, are potential 
materials for investigating the conductivity dependency of intrinsic parameters of ORR because of 
possible variation of their conductivities.30-44 To investigate the conductivity dependency of noverall and 
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nRDS, four different perovskite oxide catalysts with different electron conductivities were prepared: 
Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCFO) at less than 0.4 S cm-1 as its room-temperature electron conductivity 
(RM); La0.8Sr0.2CoO0.79 (LSCO) at 1000 S cm-1; NdBa0.25Sr0.75Co2O5+ with  = 0.9 and 0.93 
(NBSCO0.9 and NBSCO0.93) at 5400 and 6200 S cm-1, respectively (Fig. 2.1(b)). BSCFO and LSCO 
are simple cubic perovskites (ABO3; A = alkaline and/or rare earth metals, B = transition metals) 
while NBSCOs are double perovskites having alternative layers of different A site elements (Ba/Sr 
and Nd). Metallic conduction of the highly conductive NBSCO is explained by their narrow direct 
band gaps (Egap) between valence bands (VB) extended above Fermi level (EF) and conduction bands 
(CB).45 On the contrary, the poorly conductive counterpart BSCFO showed indirect band gaps 
characteristic of semi-metals with wide direct band gaps. 
The degree of ORR completion, indicated by noverall, is an important parameter to describe the ORR as 
a series of reactions. The overall current relevant to ORR, which is measured on the disk compartment 
of rotating ring–disk electrodes (RRDEs), does not result only from the complete reduction of oxygen 
to hydroxide ions through a four-electron (4e; noverall = 4) transfer pathway (O2 + 2H2O + 4e- → 4OH-
).46 A two-electron (2e; noverall = 2) transfer pathway (O2 + H2O + 2e- → HO2
− + OH-) is partly 
responsible for the ORR current, not completing a turnover of ORR but generating peroxide as an 
intermediate product. The intermediate HO2
− was detected by ring electrodes oxidizing the peroxide 
to oxygen at + 0.4 V so that noverall was calculated by comparing between the currents of the disk and 
ring electrodes (Fig. 2.2(a)). Interestingly, the noverall values (or noverall as their average) were estimated 
to be higher on more conductive catalyst layers (Fig. 2.2(b)). We controlled the electric conduction 
through internal and external pathways by using catalysts of different conductivities and increasing 
carbon contents in electrodes. At a fixed carbon content (for example, 5 wt.%), 4e ORR processes 
were encouraged by more conductive internal electric pathways resulting from higher conductivities 
of catalysts: noverall was estimated at 3.9 for the most conductive NBSCO0.93 versus at 3.25 for the 
least conductive BSCFO. However, the difference of noverall between catalysts became smaller as the 
carbon contents increased (Fig. 2.2(b)). Higher carbon content resulted in increasing numbers of 
external electric pathways with shorter electron travelling length, with noverall approaching 4. With 50 
wt.% carbon, therefore, there were no significant differences of noverall between catalysts.  
The conductivity-dependent contribution of 4e or 2e processes to the overall currents on the 
perovskite oxide catalysts could be understood from the viewpoint of effective potential localized 
nearby active sites. The values of noverall (for instance, noverall is the average value of the noverall between 
0.33 V and 0.53 V) depended on overpotential (; Fig. 2.3(a)): higher  (or the more negative 
potential) resulted in larger noverall. Even if the overpotential dependency trend was consistent over all 
samples, the critical overpotential (c) at which the noverall began to decrease dramatically shifted in the 
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direction to higher  (or more negative potential) from 0.65 V to 0.52 V with decreasing carbon 
contents in the most resistive BSCFO. However, more conductive catalysts (LSCO and NBSCO) 
showed no significant change in c with carbon contents except for 0 wt.% C. This indicates that more 
resistive situations caused by resistive catalysts and/or small carbon contents have reduced ohmic 
potential and require a higher overpotential to complete the 4e reaction.  
 
 
Figure 2.3 The effects of local potential distribution near the active sites on noverall. (a) Potential 
dependency of noverall. The critical overpotentials (c) at which the noverall dramatically decreases were 
indicated. (b) BSCFO and NBSCO as representative examples of less versus more conductive 
catalysts, respectively. Overpotential () gradients decrease with distance away from the contact point 




Based on the overpotential dependency of noverall, the catalytically active sites of low-conductivity 
perovskite catalysts (such as BSCFO) can be schematically categorized into fully and less polarized 
sites (Fig. 2.3(b)). Both sites benefit from the kinetic gain by the catalytic activation energy reduction. 
The fully polarized sites, experiencing high  and completing the 4e pathway, are physical points 
where the electric pathways provided by carbon meet the catalyst surface with the chemical species, 
including O2. They are found near the contact points between carbon black and catalyst. The less 
polarized sites on the BSCFO surface, without contact to external electric pathways or far from the 
contact points between carbon and catalyst, experience small  for ORR in the catalyst side-space 
charge region near the electrolyte–catalyst interface owing to the resistive electron pathways 
throughout BSCFO. Therefore, peroxide ions are significantly produced from the less polarized sites 
before completing the overall 4e turnover, probably because the small h causes the rate of the steps 
after the peroxide formation (steps 3 and 4) to be kinetically slow (Fig. 2.1(a)). The surface peroxide 
is desorbed kinetically when its stay on an active site is longer than its possible retention time. This is 
supported by the observation that higher carbon contents of BSCFO-based electrodes increased noverall 
from 3.25 with 5 wt.% carbon to 3.8 with 50 wt.% carbon (Fig. 2.2(a)). On the other hand, all active 
sites of our highly conductive NBSCO have h values high enough to promote ORR efficiently along 
the 4e pathway with high noverall values, even at low carbon contents. Insignificant changes in noverall 
value with increasing carbon contents supports the idea that electrons are supplied to the surface 
efficiently through the NBSCO, even without external electron pathways (Fig. 2.2(a)).  
As well as using noverall as a measure of ORR completion, nRDS provides information on the electron 
transfer number, not for the overall ORR process but specifically for RDS.47-50 The values of nRDS are 
calculated from Tafel equation:  = a + b logi where a = lnio/(nRDSf) and b = -2.3/(nRDSf) with f = 
F/RT. The ORR was assumed to be symmetric (a = 0.5) to obtain nRDS.51 Interestingly, nRDS changed 
with electrode conductance, depending on catalyst conductivities as well as carbon content (Fig. 
2.2(c)). The most conductive double perovskites (NBSCO0.9 and NBSCO0.93) showed small values of 
nRDS values less than 1.5 for all of the carbon contents tested from 5 wt.% to 50 wt.%. In the medium-
conductivity perovskite LSCO, on the other hand, its RDS at the lowest carbon content (5 wt.%) was 
identified more as 2e transfer, and the nRDS changed from 2e to 1e around 20 wt.% carbon. In the least 
conductive BSCFO, the nRDS transition was observed at higher carbon contents from 50 wt.%. That is 
to, the more conductive catalyst layers are, the closer to 1e process the RDS is.  
Based on the results for noverall and nRDS, therefore, 1e transfer RDS appears to be responsible for 4e 
ORR. This conclusion is in agreement with the ohmic polarization scenario, as discussed above. One 
or both of elementary steps of 1 and 4 (Fig. 2.1(a)), each from steps before and after peroxide 
formation, were known to be highly possible RDS.30, 31 In low-conductivity catalysts with poorly 
conductive environments, both of them are thought to be RDSs because nRDS was estimated at 2. The 
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latter RDS at step 4 would play a crucial role of peroxide generation by delaying forward conversion 
of surface peroxide to the next surface species. However, there is a single RDS (nRDS = 1) with no 
RDS after the peroxide formation (that is to say, RDS at 1; and nRDS = 1) in highly conductive 
catalysts and even in poorly conductive catalysts surrounded by highly conductive environments so 





In summary, we described the conductivity-dependency of the number of electrons transferred for 
ORR and its RDS. Whether electric conduction throughout electrodes is improved internally by using 
high-conductivity catalysts, or externally by adding conducting agents such as carbon black, 
completion of ORR by 4e transfer was promoted in more conductive situations by a one-step 1e RDS 
before surface peroxide formation. To our knowledge, this is the first observation showing that 
intensive and intrinsic properties of electrochemical reactions possibly depend on electric conduction 
that have been easily thought to affect extensive properties such as the effective amount of 
electroactive sites. Therefore, electric conductivities of electrocatalysts should be more seriously 
considered to obtain higher energy densities in electrocatalysis-based energy devices such as fuel cells 
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3.1 Introduction 
Development of highly efficient, eco-friendly, and low-cost energy systems, such as water splitting, 
electrolysis cells, fuel cells, and metal−air batteries, is an important ongoing research topic for energy 
conversion and storage industry. To realize efficient energy conversion and storage applications, it is 
necessary to improve the catalytic activity for ORR and OER.1-11 
In general, precious metals and related oxides such as Pt, IrO2, and RuO2 have been used as catalysts 
based on their high catalytic activities. However, the usage of precious catalysts for commercial 
application is very limited due to their high cost and limited reserves.12, 13 Recently, the development 
of inexpensive and superior performing electro-catalysts based on transition-metal oxide materials 
such as cobalt containing oxides has received enormous attention.5, 14-20 Oxides containing cobalt 
cations, particularly perovskite-type structures, have shown synergistic catalytic activities with high 
efficiency for both ORR and OER.21-23 In general, the formula for oxide perovskites can be written as 
A1-xA’xB1-yB’yO3±δ. Larger 12-coordinate A cations and smaller 6-coordinate B cations can be 
relatively easily substituted by various metal cations, which often results in an oxygen non-
stoichiometry such as oxygen excess or deficiency.24, 25 The structural variations arising from the 
defects enable catalytic reactions including both oxidation and reduction.26, 27 In particular, lanthanide-
based perovskites have shown remarkable performance as high temperature catalysts in solid oxide 
fuel cell devices and as gas-solid phase heterogeneous catalysts (CO oxidation or methane 
oxidation).28-30 The partial substitution of the A-site cations with different valence elements such as 
alkaline-earth metal cations in the lanthanide-based perovskites may induce oxygen non-
stoichiometry or bond distortions, which can increase the oxygen mobility or electrical conductivity. 
The structural defects and/or variations of electronic structure influence the catalytic activity in the 
electrochemical devices.31, 32 Gradual substitution of divalent Sr2+ cation for Ln3+ in the A-site not only 
facilitates the electronic structure transition of Ln-based perovskite from semiconductor to metal but 
also varies the catalytic activity.33-36 In fact, a substitution of a specific amount of Ln3+ for Sr2+ (0.3 < 
x < 0.7) resulted in the highest electrical conductivity among the LnxSr1-xBO3-δ series.37, 38 According 
to the recent report, higher electrical conductivity of the metallic perovskite plays a key role in the 
electrocatalytic effect.39 On the other hand, the catalytic activity of heterogeneous catalysts such as 
solid-liquid phase or solid-gas phase catalysts mainly depends on the properties of the constituent 
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transition metals and the number of active sites on the catalysts. For instance, in a non-aqueous Li-air 
battery, larger specific surface area of the cathode catalyst is crucial to increase the electric current 
density in the OER process.40-42 A large degree of initial adsorption compensates the slow conversion 
rate for hydroxyl species to oxygen on the metal site.43 Therefore, the surface area along with various 
particle sizes must be considered when evaluating and comparing the catalytic activity of 
heterogeneous catalysts. At the same time, the heterogeneous catalysts should have porosity and 
smaller particle size to attain high surface area for reasonable performance. Although it is known that 
the significant catalytic features strongly depend on the surface area, the synthesis of well-defined 
nano-structured Ln-based perovskites has through conventional solid state reactions proven extremely 
difficult, and this is attributable to the high crystallization temperatures. 
Herein, we report a facile synthesis of well-defined Ln0.5Sr0.5CoO3-δ (Ln = Pr, Nd, Sm, Gd; LnSC) 
nanoparticles with high surface area using a fast and cost-effective simple batch type co-precipitation 
method. We also present the electrochemical catalytic activities of the materials by varying the 





3.2.1 Material Preparation 
LnxSr1-xCoO3-δ (Ln = Pr, Nd, Sm, and Gd) nano-crystallites were prepared through a co-precipitation 
method. A stoichiometric amount of Ln(CH3CO2)3·xH2O, Sr(CH3CO2)2, Co(CH3CO2)2·4H2O (Ln : Sr : 
Co = 3 : 3 : 6 of mmol) were completely dissolved in 40 mL of distilled water. After that, 160 mL of 
ethanol was added to the solution. To precipitate the metal cations, 30 mL of (NH4)2CO3 aqueous 
solution (10 wt.%) was slowly added by a syringe pump to the solution with stirring at 700 rpm. The 
flow rate of the syringe pump was kept at 0.5 mL min-1. After injection, the reaction mixture was 
stirred further for 30 min. The precipitates were collected by centrifugation at 5000 rpm for 3 min. 
The precipitates were washed thoroughly with deionized water and acetone to remove the residual 
ammonium acetate by-product. The reaction products were dried under vacuum overnight. The dried 
products were calcined at varied temperatures for 6 h. Finally, the calcined compounds were finely 
ground with mortars and pestles. 
 
3.2.2 Structural Analysis 
Powder X-ray diffraction patterns were obtained on a Bruker D8-Advance diffractometer (Cu Kα 
radiation) with 40 kV and 40 mA. The samples were scanned in the 2θ range of 20 to 50 o with a step 
size of 0.02 o and a step time of 0.4 s. Particle images and chemical composition were collected using 
a field emission scanning electron microscope (FE-SEM, SIGMA/Carl Zeiss) equipped with an 
energy dispersive spectrometer (EDS, Thermo NORAN System 7) and a field emission transmission 
electron microscope (FE-TEM, FEI Tecnai G2 F30, 200 kV). The Brunauer-Emmett-Teller (BET) 
measurements were carried out using a Quantachrome NOVA 1200e surface area analyzer using N2 at 
77 K. The oxidation states of the cobalt and oxygen in the samples were measured by X-ray 
photoelectron spectroscopy (Thermo Fisher Scientific, ESCALAB 250XI). 
 
3.2.3 Electrochemical Analysis 
LnSC inks were prepared by dispersing a 20 mg of nanoparticles in 0.45 mL of ethanol, 0.45 mL of 
isopropyl alcohol, and 0.1 mL of 5 wt.% nafion solution without any conducting materials. Loading 
density of the composite of nanoparticles and conducting agent was fixed at 0.8 mg cm-2. Cyclic and 
linear sweep voltammetries (CVs and LSVs) were measured on disk and ring electrodes 
simultaneously by a computer-controlled potentiostat (Biologic VMP3) with 1600 rpm controlled by a 
rotating disk electrode system (Biologic RRDE-3A). A platinum wire and an Hg/HgO electrode were 
used as the counter and reference electrodes, respectively. An aqueous solution of 0.1M KOH was 
used as the electrolyte. ORR polarization curves were obtained on the disk electrode from a cathodic 
sweep from 0.1 V to -0.9 V (vs. Hg/HgO) at 10 mV s-1 after several cycles of CVs. 0.4 V was applied 
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to the ring electrode to estimate the amount of peroxide generated from the disk electrode. The anodic 
sweeps from 0.35V to 0.9V (vs. Hg/HgO) were presented as OER polarization curves. The other 




3.3 Results and Discussions 
 
 
Figure 3.1 Powder X-ray diffraction patterns of the cubic perovskite nano-crystallites prepared at 
different temperatures. (a) PSC calcined at 650 and 750 oC, (b) NSC calcined at 600 and 700 oC, (c) 
SSC calcined at 650 and 750 oC, and (d) GSC calcined at 700 and 800 oC. While the patterns in black 
are taken from the nanoparticles obtained at their minimum crystallization temperatures for each 
lanthanide ion, those in blue are taken from nano-crystallites calcined at 100 oC higher temperatures. 
 
Figure 3.1 shows the XRD patterns of LnSC samples prepared at different calcination temperatures 
ranging from 600 to 800 oC. The XRD patterns indicate that phase pure LnSC nano-crystallites with 





Figure 3.2 FE-SEM images of the (a) PSC-650, (b) PSC-750, (c) NSC-600, (d) NSC-700, (e) SSC-
650, (f) SSC-750, (g) GSC-700, and (h) GSC-800. Note the size of each nano-crystallite increases as 
the calcination temperatures increases. 
 
Table 3.1 Summary of average particle sizes, calculated crystallite sizes, surface areas, and oxidation 
states of synthesized LnSCs nano-crystallites. 
 Calcination Temp. (oC) 








PSC 650 32.6 23.9 33.12 47.80 52.20 
750 50.9 31.8 25.78 
NSC 600 22.6 21.0 30.21 48.70 51.30 
700 32.9 31.1 25.90 
SSC 650 33.1 25.7 30.86 47.60 52.40 
750 52.1 34.3 16.79 
GSC 700 65.4 29.4 23.31 48.10 51.90 
800 84.6 36.3 11.69 
 
The FE-SEM images clearly reveal that the synthesized LnSCs materials are well-defined nano-sized 
crystallites (Fig. 3.2). As seen in Fig. 3.2, the sizes of the nano-crystallites increase as the calcination 
temperatures increase. Interestingly, while the nano-crystallites of PSC and NSC prepared at lower 
temperatures reveal a narrow size distribution ranging from 20 to 40 nm, those of SSC and GSC 
exhibit a somewhat broad size distribution of 25-80 nm. The average crystallite sizes obtained by both 
a FE-SEM image analysis and the Scherrer equation are tabulated in Table 3.1 along with the surface 
areas for all the LnSCs. As can be seen in Table 3.1, the specific surface areas of all the materials 
prepared at lower calcination temperatures are larger than those obtained from higher calcination 
temperatures, which is consistent with the difference in particle sizes. GSC-700 and NSC-700 reveal 
very similar small crystallite sizes of 29.4 and 31.1 nm, respectively. Interestingly, however, the 
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average particle size of GSC-700 (65.4 nm) is much larger than that of NSC-700 (32.9 nm). The 
observed difference in average particle sizes for the crystallites may be caused by the different 
sintering effect for the highly aggregated primary particles. 
As seen in Table 3.1, the BET surface areas for the nanoparticles prepared at lower calcination 
temperatures are larger than those of the nanoparticles calcined at higher temperatures. As we will 
discuss in greater detail later, the smaller LnSC nano-crystallites with larger surface areas exhibit 
better electrochemical catalytic performance because the large surface area can provide many catalytic 
active sites in the electrochemical reactions. 
 
Table 3.2 Atomic percentages and atomic ratio of calcined LnSCs. 
 Atom %  Atomic ratio 
 Ln 
(Pr, Nd, Sm, Gd) 
Sr Co  
Ln 
(Pr, Nd, Sm, Gd) 
Sr Co 
PSC 21.32 22.11 56.57  1 1.0 2.7 
NSC 24.54 24.00 51.46  1 1.0 2.1 
SSC 23.95 26.53 49.52  1 1.1 2.1 
GSC 25.32 26.83 47.85  1 1.1 1.9 
 
The atomic composition of synthesized LnSC nano-crystallites was determined by EDS data (Table 
3.2), where the lanthanide elements were normalized to confirm the stoichiometry. EDS for PSC, 
NSC, SSC, and GSC reveal approximate Ln:Sr:Co ratios of 1:1:2, respectively. The stoichiometric 
Ln0.5Sr0.5CoO3-δ is known as a high electrical conductor, and therefore the synthesized LnSC 
nanoparticles are expected to be electrochemical catalysts without conducting materials such as 







Figure 3.3 Disc current of (a) ORR and (b) OER measured by LSV with 10 mV s-1 scan rate at 1600 
rpm. 
 
Rotating ring-disk electrode (RRDE) measurement with 1 mg cm-2 of LnSCs is used to verify the 
catalytic pathways and to reveal the kinetics of lanthanides for the ORR and OER catalytic activities 
in 0.1 M KOH (Fig. 3.3). Interestingly, the catalytic activities of the measured samples that have 
similar surface area (~30 m2 g-1) were independent of the various lanthanides in the A-site. The ORR 
onset potentials of all prepared LnSCs at -0.15 mA cm-2 (Fig. 3.3(a)) were -0.2 V (vs Hg/HgO) and 
their limiting currents in the ORR condition were -5.0 mA cm-2 at -0.9 V (vs Hg/HgO). 
The potential is stretched to 0.9 V (vs Hg/HgO) in a water oxidation system and the electrocatalytic 
oxygen evolution reaction (OER) is evaluated. The LnSC catalysts afforded current density of 10 mA 
cm-2 at a small overpotential of ~0.72 V and the OER onset potentials were 0.6 V (vs Hg/HgO) at 2.0 






Figure 3.4 Cobalt 2P XPS spectra of (a) NSC, (b) PSC, (c) SSC, and (d) GSC. 
 
Oxidation state of the transition metal is an important factor to explain the catalytic activities for ORR 
and OER. Therefore, the oxidation states of the cobalt also can serve as evidence to explain the effect 
of A-site lanthanides for ORR and OER in the LnSC catalysts. X-ray photoelectron spectroscopy 
(XPS) measurement is carried out to characterize the states of cobalt in LnSC catalysts, and the results 
are shown in Fig. 3.4 and Table 3.1. 
The XPS results of the LnSCs show that the main peaks are located at binding energy of about 780.1 
eV (at Co 2p3/2) and 796.6 eV (at Co 2p1/2) for the Co 2p spectra. The spectrum consists of Co3+ (blue 
line) and Co4+ (pink line), which can be distinguished by Gaussian fitting. According to the fitting 
results, all the samples have similar cobalt ion ratios. Consequently, as long as a similar surface area 
and Co oxidation state are maintained, A-site changes in the perovskite do not play catalytic roles in 






Figure 3.5 (a) Disc current of ORR and (b) disc current of oxygen evolution reaction of NSC 600, 
700, 800, and 900, measured by RRDE with 10 mV s-1 scan rate at 1600 rpm. 
 
 
Figure 3.6 Cobalt 2P XPS spectra of (a) NSC 600, (b) NSC 700, (c) NSC 800, and (d) NSC 900. 
 
In order to assess the surface area effect on catalytic activities, we controlled the surface area via 
calcination temperature variation for only the NSC catalyst. The results show that the surface area 
only affects the current densities, causing drastic changes (Fig. 3.5). The limiting currents of NSCs 
were increased from -2.5 to -5.0 mA cm-2 with the increase of surface area at -0.9 V (vs Hg/HgO). The 
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OER onset potentials meanwhile showed a similar trend with values of 0.58, 0.59, 0.63, and 0.79 V 
(vs Hg/HgO) at 2.0 mA cm-2 for the NSC 600, 700, 800, and 900. Also, the current densities of OER 
at -0.9 V (vs Hg/HgO) rapidly decreased with decreasing surface area. Additionally, as mentioned 
above, since the state of Co in NSCs prepared at various calcination temperatures could affect 
catalytic activities, XPS measurement was performed and the results indicate that variation of the 
surface area controlled by the calcination temperature does not affect the state of Co in NSCs, as 
shown in Fig. 3.6. Therefore, it is confirmed that the improvement of ORR and OER stems from 





In summary, the series of lanthanide-based perovskite nanoparticles were successfully synthesized 
using simple co-precipitation methods. All the nano-crystallites were prepared at relatively lower 
calcination temperatures and exhibited similar particle sizes with high surface areas. RRDE, XPS, and 
surface control results in this study revealed that the electrocatalytic properties (ORR and OER) of the 
perovskite oxide are not significantly affected by the different kinds of lanthanides in the A-site in 
alkaline condition. However, the surface area and particle size are factors that limit the current density. 
Therefore, it is important to compare the results for ORR and OER with other data in the literature, 
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4.1 Introduction 
In the development of energy conversion and storage systems such as metal-air batteries, water 
splitting, and solar synthetic reactors, the efficiency, cost, and environmental impact must be 
considered. In the interests of efficiency, the development of a catalyst key to improving catalytic 
activity for the oxygen reduction and oxygen evolution reactions (ORR and OER), while 
bifunctionality in both reactions is also necessary for various rechargeable applications.1-5 
To date, various precious metal catalysts based on platinum, ruthenium oxide, and iridium oxide have 
been commonly employed due to their high catalytic activities. However, despite these high catalytic 
activities, the application of such precious metal catalysts in large-scale applications has been limited 
because of their high costs and rarity.4, 5 In this regard, the discovery and design of non-precious 
bifunctional catalysts will be of direct benefit for efficient energy conversion and storage systems.6-9 
Recently, transition metal oxide materials such as cobalt, nickel, and copper-based oxides have 
received significant attention because of their bifunctional possibilities, low cost, and high catalytic 
activities.10, 11 Among the various transition metal oxide materials reported to date, perovskite oxides 
(ABO3−δ; where A is a lanthanide or a rare earth element, B is a transition metal, and δ is an oxygen 
vacancy) were reported to be exceptional electrocatalysts because of their bifunctional catalytic 
activities, excellent cyclic stabilities, and high conductivities.12-14 
To predict the OER activity of a transition metal oxide, the eg occupancy has been proposed as a 
suitable descriptor, as in the case of the d-band theory for the ORR activity.6, 15-17 Recent studies have 
also proposed a more general descriptor for the OER activity of a transition metal oxide, namely the 
difference between the metal d-band center and the oxygen p-band center (ΔEd−p).18-20 
Thus, we herein report our investigation into the correlation between band structures and ORR/OER 
catalytic activities by controlling the oxygen vacancies present in perovskite oxide catalysts. Among 
the various transition metals employed in the B-sites of perovskite oxides, the early transition metals 
(Cr, V, and Mn) exhibit higher Md values compared to the Op values, while the late transition metals 
(Co, Ni, and Cu) have lower Md values.21 To improve both the ORR and OER activities 
simultaneously, modification of the electronic structure is required, including bringing Md (of the late 
transition metal) closer to the Fermi level (Ef) for a higher ORR activity, and reducing ΔEd−p to 
enhance the OER activity. It is therefore expected that the Md of the late transition metal, which can 
be increased by oxygen vacancies, will decrease the gap to Ef while reducing the gap to Op, thereby 
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simultaneously improving both the ORR and OER activities. 
In this research, Sm0.5Sr0.5CoO3-δ (SSC; δ = 0.0, 0.1, and 0.2) perovskite oxide is selected, as its 
oxygen vacancies are easily controlled experimentally.22 In addition, the half-doping of Sm and Sr at 
the A site should ensure a sufficient electron conductivity and facilitate artificial control of the oxygen 
vacancies. Using the oxygen vacancy-controlled SSC samples, analysis of the structural and 
electrochemical properties will be carried out. Furthermore, density functional theory (DFT) 
calculations will be employed to confirm that oxygen vacancies enhance the ORR activity by lifting 






4.2.1 Material Preparation 
Pechini method was adopted to prepare Sm0.5Sr0.5CoO3- (SSC) powders. Precursor solution was 
prepared with Sm(NO3)3•6H2O (99.9%, metal basis, Sigma-Aldrich), Sr(NO3)2 (99+%, , Sigma-
Aldrich), and Co(NO3)2•6H2O (98+%, , Sigma-Aldrich) in distilled water with an appropriate amount 
of citric acid. The solutions were heated to 300 oC in air, followed by combustion to form fine 
powders that were calcined at 600 oC for 4 h and sintered in air at 950 oC for 4 h. 
To control the oxygen vacancy, the sintered sample was annealed at 800 oC for 1 h and the sample 
quenched to 25 oC (room temperature) or -196 oC (liquid nitrogen). 
The oxygen contents were determined by iodometric titration. First, an acid solution (12 wt.% HCl) is 
prepared, and an inert gas (N2) is purged with the prepared acid solution. Then, excess KI (≥ 99.99% 
trace metals basis, Sigma-Aldrich) and sample were dissolved in the purged acid solution. Finally, the 
solution was titrated with sodium thiosulfate solution (0.05 M Na2S2O3·5H2O, Sigma-Aldrich). 
 
4.2.2 Material Analysis 
The crystallographic structures of the materials were characterized by X-ray diffraction (XRD; D8 
Advance, Bruker diffractometer with Cu K radiation) at a scan rate of 0.6 o min-1 with a 2θ range of 
20 o to 60 o. Scanning electron microscopy (SEM, Nanonova 230, FEI) was used to capture their 
morphologies. The Brunauer–Emmett–Teller (BET, BELSORP-max, MicrotracBEL Corp.) 
measurement was carried out for the surface area of SSC using N2 at 77 K. The particle size 
distribution of SSC was measured with a laser scattering particle size distribution analyzer (LA-920, 
Horiba). 
 
4.2.3 Electrochemical Characterization 
X-ray photoelectron spectroscopy (XPS) analyses were performed on ESCALAB 250XI from Thermo 
Fisher Scientific with a monochromated Al-Kα (ultraviolet He1, He2) X-ray source. The base pressure 
inside the spectrometer during analysis was 1 x 10-10 mmHg. 
Catalyst inks were prepared by dispersing 20 mg of catalyst in 0.45 ml of ethanol, 0.45 ml of 
isopropyl alcohol, and 0.1 ml of 5 wt. % Nafion solution (Sigma-Aldrich 274704). The loading 
density of the catalyst was fixed at 0.8 mg cm-2 (disk electrode area = 0.1256 cm2). 
Linear sweep voltammetry (LSV) was measured on disk and ring electrodes simultaneously by a 
computer-controlled potentiostat (Biologic, VMP3) at 1600 rpm controlled by a rotating disk 
electrode system (Biologic, RRDE-3A). A platinum wire electrode and an Hg/HgO electrode 
(Hg/HgO vs. NHE is 0.140 V (NaOH, 1 M)) were used as the counter and reference electrodes, 
respectively. An aqueous solution of 0.1 M KOH was used as the electrolyte. ORR polarization curves 
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were obtained on the disk electrode from a cathodic sweep from 0.1 V to -0.9 V (vs. Hg/HgO) at 10 
mV s-1 after several cycles of CVs. Voltage of 0.4 V was applied to the ring electrode to estimate the 
amount of peroxide generated from the disk electrode. The anodic sweeps from 0.35 V to 0.9 V (vs. 
Hg/HgO) were presented as OER polarization curves. The other conditions were the same as those 
applied for the ORR polarization curves. 
 
4.2.4 DFT Calculations 
We carried out density functional theory (DFT) calculations by using Vienna Ab-initio Simulation 
Package (VASP). The exchange-correlation functional was described by the Perdew-Burke-Ernzerhof 
(PBE) functional with the Generalized Gradient Approximation (GGA) method.23-25 The Hubbard U 
(Ueff = 3.5 eV) correction was applied to the Co 3d electrons and pseudopotentials generated under a 
projector-augmented plane-wave method scheme.26 We used 2×2×2 perovskite supercells for bulk 
calculation and 3×3×3 k-points were sampled based on the Monkhorst-Pack method.27 We determined 
band centers, O 2p-band and metal 3d-band, by taking the weighted mean energy for both occupied 
and unoccupied states in the projected density of states. We used nine layered slabs with √2×√2 
surfaces for slab calculations with 6×6×1 k-points. The four bottom layers of the slab were fixed at 
the optimized bulk lattice constant, while the top five layers and adsorbents were fully relaxed. The 
dipole correction was considered in all the slab calculations.28 The convergence criteria for the 
optimization of structure were set to 0.02 eV Å-1. We used the Bader charge analysis to identify the 




4.3 Results and Discussions 
The Sm0.5Sr0.5CoO3 (SSC30, δ = 0) perovskite oxide was initially synthesized using the conventional 
Pechini method and sintered at 950 °C for 4 h. To control the number of oxygen vacancies, SSC30 
was subsequently annealed at 800 °C for 1 h then quenched to 25 °C (room temperature) or −196 °C 
(liquid nitrogen) to give either Sm0.5Sr0.5CoO2.9 (SSC29, δ = 0.1) or Sm0.5Sr0.5CoO2.8 (SSC28, δ = 0.2), 
respectively. The annealing temperature was selected to prevent any changes in the geometries of the 
SSC, which may affect the catalytic performance.10, 12, 13 Iodometric titrations were performed to 
measure the number of oxygen vacancies (δ). 
 
 
Figure 4.1 XRD of SSC30, SSC29, and SSC28. 
 
The crystal space groups, particle sizes, and surface areas of the SSC samples were then determined. 
More specifically, X-ray diffraction (XRD) was performed to confirm the crystal structures, and 
indicated that both samples were typical cubic perovskite structures (Fig. 4.1). Scanning electron 
microscopy (SEM) images were recorded to examine the microstructures, where a relatively constant 
particle size of ~2.5 μm (Fig. 4.2 and 4.3) indicated an insensitivity to the number of oxygen defects. 
The prepared SSC samples also exhibited similar surface areas (i.e., 1.75, 1.81, and 1.74 m2 g−1 for δ 
= 0.0, 0.1, and 0.2, respectively, Fig. 4.4). These results indicated that the SSC samples were well-
controlled, while confirming that the oxygen vacancies did not drastically alter the crystal space group, 
















Figure 4.4 N2 adsorption–desorption isotherms of SSC30, SSC29, and SSC28. The surface area of 
each samples is 1.75, 1.81 and 1.74 m2 g-1, respectively. 
 
 
Figure 4.5 (a) ORR and (b) OER activity of the Sm0.5Sr0.5CoO3-δ (δ = 0.0, 0.1, and 0.2) in O2-
saturated 0.1 M KOH at a scan rate of 10 mV s−1 and a rotation rate of 1,600 rpm. 
 
Rotating ring-disk electrode (RRDE) measurements were then carried out to check the ORR and OER 
catalytic activities of the various SSC samples (Fig. 4.5). The ORR onset potential of the SSC varied 
from −0.26 to −0.2 V (vs Hg/HgO) at −0.1 mA cm−2 upon decreasing the SSC oxygen content (Fig. 
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4.5(a)). Moreover, SSC28 exhibited a superior current density to the samples with higher oxygen 
contents. In addition, from the disc and ring currents of the SSC samples, additional ORR catalytic 
information could be calculated, including the electron transfer number (n) and the percentage yield of 
peroxide species (HO2
−), as shown in Fig. 4.6. 
 
 
Figure 4.6 (a) Disc current, (b) ring current, (c) electrons transfer number, and (d) peroxide yield of 
ORR are measured by a RRDE test. The test is operated in O2-saturated 0.1 M KOH at 10 mV s-1 scan 
rate and 1,600 rpm rotation rate from 0.1 V to -0.9 V. 
 
Thus, n (as shown in 4.6(c)), was calculated using equation (1), 
n = 4 × 
Id
Id+Ir 𝑁⁄
           (1) 
where Id, Ir, and N are disc current, ring current, and experimental collection efficiency, respectively. 
The experimentally determined collection efficiency (N) was 0.41. The electron transfer numbers of 
SSC30, SSC29, and SSC28 were 3.55, 3.45, and 3.83, respectively. As the oxygen vacancy number 




The yield of peroxide species (HO2
−) during the ORR process was calculated as follows: 
HO2
−(%) = 200 × 
Ir 𝑁⁄
Id+Ir 𝑁⁄
    (2) 
More specifically, the calculated HO2
− yields for the SSC samples decreased from approximately 25 
to 9% upon increasing the number of oxygen vacancies. 
In addition, the OER onset potential of the SSC decreased from 0.72 to 0.64 V (vs Hg/HgO) at 1 mA 
cm−2 with a decrease in the SSC oxygen content (Fig. 4.5(b)), and the current density of SSC28 
increased compared to the other samples. Overall, well-controlled oxygen vacancies were found to 
simultaneously improve the OER and ORR performances. 
 
 
Figure 4.7 (a) Schematic rigid band diagrams of the late transition metal oxide. (b) Variation in the 
Md energy levels and the energy level differences between Md and Op (ΔEd−p) with the number of 
oxygen defects in the SSC. All band centers are relative to the Fermi level. (c) The ORR and OER 
experimental overpotentials of the SSC at −0.5 and 1.0 mA cm−2, respectively. 
 
DFT calculations were then performed to account for the improvements in the ORR and OER 
activities. As shown in previous studies, the key parameters for describing the band structures of 
correlated electronic materials are the Hubbard intra-d-orbital electron-electron Coulomb interaction 
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(Udd) and the gap of band energy (ΔEd−p = Md − Op, where Md and Op are the d-band and p-band 
centers, respectively).30, 31 Furthermore, in terms of the electronic structure and coordination 
properties, Md and Op are highly correlated with the ORR and OER activities. Thus, to achieve 
simultaneously efficient ORR and OER activities, it is necessary to bring the Md energy level close to 
the Fermi level and decrease the gap between Md and Op, respectively. 
The energy gaps of the SSC samples were calculated to be −0.73, −0.49, and −0.21 eV for SSC30, 
SSC29, and SSC28, respectively, which are smaller gaps than that of cobaltite Udd (~3.5 eV).32 
According to the DFT calculations, the presence of oxygen vacancies reduces the energy gap between 
Md and Op by bringing Md close to the Fermi level (Ef), as shown in Fig. 4.7(b). It is expected that the 
ORR and OER activities of SSC are simultaneously improved by the reduced ΔEd−p and the raised Md 
energy level. The onset potentials of the ORR and the OER were also measured experimentally at 
−0.5 and 1.0 mA cm−2, respectively, to compare the intrinsic activities of the SSC samples, and both 
activities were found to concurrently improve as the number of oxygen vacancies increased (Fig. 
4.7(c)). A comparison of the calculated (Fig. 4.7(b)) and experimental data (Fig. 4.7(c)) shows a 
similar increasing trend for the ORR (nonlinear) and the OER (linear) activities in accordance with 
the oxygen vacancies, indicating the strong couplings of the ORR to Md and of the OER to ΔEd−p, 
both of which were controlled by the oxygen vacancies. 
To understand the ORR improvement in more detail, the shift in Md was also investigated through 
DFT calculations. Indeed, the DFT results were in agreement with the XPS measurements for the 
distribution of Co4+, Co3+, and Co2+ ions with the oxygen vacancies (Fig. 4.8(a) and 4.8(b)), and 
measurement of the cobalt bonding states in the SSC samples by X-ray photoelectron spectroscopy 
(XPS) showed that the main peaks are located at binding energies of 780.1 eV (Co 2p3/2) and 796.6 eV 
(Co 2p1/2) (Fig. 4.9). Through Gaussian fitting, the distribution of Co3+ and Co4+/2+ in the SSC samples 
could be distinguished. Furthermore, the valence state distributions and the Md energy levels of the 
cobalt ions in the theoretical SSC unit cells (3.000, 2.875, and 2.750 represent the number of oxygen 




Figure 4.8 (a) Theoretical ratio of Co ions according to the number of oxygen defects. (b) 
Experimental ratio of Co ions according to the number of oxygen vacancies measured by XPS (Fig. 
4.9). (c) From left to right, intermediate spin states (IS) of Co4+, IS of Co3+, crossover of Co2+ between 
intermediate- and low-spin states (IS/LS), and LS of Co3+. Positive values indicate majority spin states 
while negative values indicate minority spin states. The black dashed line represents the eg orbital and 
the black solid line represents the t2g orbital of the Co 3d orbital. The blue solid line indicates the 
calculated d-band center (Md) position. The dashed horizontal line appears at the Fermi level, with 





Figure 4.9 XPS measurements of (a) SSC30, (b) SSC29, and (c) SSC28. 
 
The calculated average Md values of SSC3.000, SSC2.875, and SSC2.750 were −2.53, −2.38, and 
−1.98 eV, respectively (Fig. 4.8(a)). In the absence of oxygen vacancies (SSC3.000), IS Co4+ (S = 3/2) 
and IS Co3+ (S = 1) are equally mixed. In the SSC with one vacancy out of 24 oxygens (SSC2.875), 
Co ions doped with electrons generated by the vacancy changed from IS Co3+ (S = 1) to IS/LS Co2+ 
(IS: S = 3/2, LS: S = 1/2). As a result, the average Md of SSC2.875 (−2.38 eV) increased slightly from 
the Md of SSC3.000 (−2.53 eV). In the SSC with two oxygen vacancies (SSC2.750), additional 
electrons changed IS Co4+ (S = 3/2) and IS Co3+ (S = 1) to LS Co3+ (S = 0) and IS/LS Co2+ (IS: S = 
3/2, LS: S = 1/2). The average Md of SSC2.750 (−1.98 eV) increased significantly compared to those 
of SSC2.875 (−2.38 eV) and SSC3.000 (−2.53 eV), as the Md value increased due to the reduction of 
Co with its spin crossover from IS to LS. 
To understand the Md enhancement caused by the presence of oxygen vacancies, we examined the 
density of states (DOS) for the Co ions of different oxidation states (Fig. 4.8(c)). The energy level of 
Co3+ is higher than that of Co4+ because Co3+ has a lower effective nuclear charge due to the presence 
of an additional electron. Among the Co3+ ions, LS Co3+ has a significantly higher Md (−1.01 eV) than 
IS Co3+ (−2.15 eV) as local volume expansion of the oxygen vacancy sites compresses the adjacent 
octahedra where the strengthened crystal field results in spin crossover from IS Co3+ to LS Co3+. 
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According to the theoretical and experimental results, Co4+ ions are gradually replaced by the less 
oxidized Co ions upon increasing the number of oxygen vacancies. At the same time, Md increases 
nonlinearly from −2.53 to −1.98 eV as the number of vacancies increases. This increase in Md is 
consistent with the experimental nonlinear trend of the ORR performance improvement in the RRDE 
measurement (blue lines in Fig. 4.8(a) and (b)). These remarkable quantitative and qualitative 
consistencies between the theoretical and experimental results support the conclusion that the Md shift 
is related to the oxidation state and the spin state of Co. 
Late transition metal oxide materials tend to exhibit high OER activities due to the slightly negative 
ΔEd−p, but the ORR activity remains insufficient due to the large gap between the Fermi energy and 
Md. From this band structure point of view, bringing Md close to both the Fermi level and to Op should 
result in efficient ORR and OER activities.13, 14 Late transition metal oxide materials should therefore 
be suitable for improving the bifunctionality due to the lower value of Md compared to Op (Fig. 




Figure 4.10 (a) The illustration shows the position of oxygen vacancies (VO) for the various vacancy 
configurations. The blue, green, and purple circles represent the positions of oxygen vacancies in the 
1st, 2nd, and 3rd layers, respectively. (b) Formation energies of oxygen vacancies for the bulk, 1st, 
2nd, and 3rd layers. (c) The overpotential and ΔEd−p values of the OER based on the oxygen vacancy 
position. (d) and (e) The calculated free energy profiles of the ORR and the OER on the (001) surface 
of SSC under equilibrium potential in alkaline media. 
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As catalytic reactions take place on the catalyst surface, we then investigated the effects on the 
catalytic activities of oxygen vacancies close to the surface. For the purpose of these calculations, we 
used a slab perovskite with nine layers and introduced oxygen vacancies in the 1st (V1-SSC), 2nd 
(V2-SSC), and 3rd (V3-SSC) layers, as shown in Fig. 4.10(a). The formation energies of these oxygen 
vacancies were 0.76, 0.67, and 1.19 eV, respectively, which are significantly smaller than the average 
formation energy of an oxygen vacancy in the bulk (P-SSC, 1.57 eV), indicating that oxygen vacancy 
formation is more facile close to the surface (Fig. 4.10(b)). The position of the oxygen vacancy also 
affects the value of ΔEd−p, as V1-SSC exhibited the smallest ΔEd−p among all configurations (Fig. 
4.10(c)). 
Finally, we calculated the free energies for the ORR and OER pathways under equilibrium potential at 
pH 13 (calculation details are given in the supporting information). In the ORR pathway, the 
overpotentials (η) of P-, V1-, and V2-SSC were 1.30, 0.85, and 0.92, respectively (Fig. 4.10(d)). The 
closer the oxygen vacancies are to the surface, the greater the promotion of the catalytic reaction. The 
first reaction step, which corresponds to the formation of OOH on the surface, acts as the rate 
determining step (RDS) for all configurations in the ORR (Fig. 4.10(d)). In contrast, in the OER, the 
RDS depends on the position of the oxygen vacancy; the second step for V2-SSC and the first step for 
all other samples (Fig. 4.10(e)). In the adsorbate evolution mechanism (AEM) pathway of the OER, 
the overpotentials of P-, V1-, and V2-SSC were 0.76, 0.31, and 0.65, respectively. The free energy 
profile for the lattice oxygen mediated (LOM) pathway of the OER is given in Fig. 4.11. As shown in 
Fig. 4.10(c), the overpotentials and ΔEd−p values of the surface are highly correlated, and both results 
indicate that the oxygen vacancy in the 1st layer provides the greatest promotion of the OER activity. 
 
 
Figure 4.11. The overpotential of three configurations (Voi free, in 1st layer, and in 2nd layer) for LOM 
pathway are 0.89, 0.60, 0.98 eV, which are relatively high compared to that for AEM pathway. The rate-
determining step in all the configurations are third reaction step. Voi represents internal oxygen vacancy existing 




In summary, we investigated the relationship between the bifunctionality and electronic structure of 
modified perovskite oxides by introducing oxygen vacancies. More specifically, cobalt-based 
perovskite oxides are late transition metal oxides that can be bifunctional catalysts for the ORR and 
the OER. The bifunctional improvement was supported by the well-matched results of both theoretical 
DFT calculations and experimental electrochemical measurements. As the concentration of oxygen 
vacancies increases without geometric changes, the ORR and OER activities of the SSC were 
enhanced, which was confirmed by experimental RRDE measurements. In addition, DFT calculations 
showed that the relative band positions of cobalt (Md) in the SSC samples were shifted by the 
systematic control of oxygen vacancies, resulting in SSC28 being a bifunctional catalyst. In 
conclusion, the corresponding electronic structure changes of Co state upon the variation of oxygen 
vacancies play a key role to determine ORR and OER properties. In this regard, we suggest that late 
transition metal oxides, in which the Md level is located below the Op level, can be utilized as efficient 
bifunctional catalysts by the introduction of oxygen vacancies, and we expect that this approach can 
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Chapter V. Optimization of LaxSr1-xCoO3-δ perovskite cathodes for 
intermediate temperature solid oxide fuel cells through the analysis of 
crystal structure and electrical properties 
 
5.1 Introduction 
Solid oxide fuel cells (SOFCs) have been explored as a new power generation device on the strengths 
of their high conversion efficiency, low emissions, and excellent fuel flexibility. The requirement for 
high operating temperature (1073-1273 K) of conventional SOFCs, however, leads to notable 
problems such as high operating costs and unintended reactions between the electrolyte and the 
electrode. The focus of recent research on SOFC technology has shifted towards intermediate 
temperature (IT) operation ranging from 773 to 973 K. The reduction of operating temperature, on the 
other hand, leads to a significant decrease in cathode activity. Therefore, the development of efficient 
cathode materials for intermediate temperature is considered an important avenue of research for IT-
SOFC applications.1-8 
A suitable cathode material for IT-SOFCs should have high oxide ionic and electronic conductivities 
and high catalytic activity for the oxygen reduction reaction as well as a thermal expansion coefficient 
that is compatible with the electrolyte. Mixed ionic and electronic conductors (MIECs) containing Mn, 
Fe, Co, and/or Ni with the capability to conduct oxygen ions and electrons simultaneously are strong 
candidates for IT-SOFC cathodes. Among those various MIEC oxides, perovskite oxides continue to 
dominate research on SOFC cathodes, and there has been increasing interest in Co-containing oxides 
due to their high electronic and oxide ion conductivity.9-13 
Among the Co-containing oxides, SrCoO3-δ is an important parent compound that can be further 
developed into many functional materials. The high oxygen vacancy concentration in SrCoO3-δ is 
useful for oxygen ionic conduction and the oxygen reduction reaction (ORR) on the cathode interface. 
However, SrCoO3-δ is changed from a cubic to hexagonal phase with a 2H-BaNiO3-type structure 
below about 1173 K.14 These structural instabilities thus limit this material in terms of further SOFC 
applications. 
It is therefore necessary to inhibit the phase transition at the SOFC operating temperature to stabilize 
the perovskite phase in SrCoO3-δ oxides by adding various dopants.15, 16 Recently, in this regard, 
lanthanide doped strontium cobalt oxides, LnxSr1-xCoO3-δ (Ln = La, Pr, Nd, Sm, and Gd), have been 
extensively investigated on the basis of their good electrical conductivity and performance as IT-
SOFC cathode materials. Among them, LaxSr1-xCoO3-δ (LSC) is commonly used as a cathode material 
for IT-SOFCs due to its superior electrical properties and higher catalytic activity, as well as good 
thermal stability at operating temperatures.17-27 However, the aforementioned studies focused on only 
a few specific compositions in LaxSr1-xCoO3-δ oxides and sufficient data on electrochemical 
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performance has not been obtained to date. 
We, therefore, optimized the effect of lanthanum doping through a systematic evaluation of the 
structural and electrochemical characteristics of a LSC cathode with regard to its application as an IT-
SOFC cathode material. 
In this study, we report excellent electrochemical performance under operating conditions via La 
doping into the A site of the potential cathode material Sr1-xCoO3-δ. In addition, we examine the 
structural characteristics and electrochemical properties of LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6 





LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) cathode materials were synthesized by a Pechini 
method. Stoichiometric amounts of La(NO3)3∙6H2O (Aldrich, 99.9%, metal basis), Sr(NO3)2 (Aldrich, 
99+%), Co(NO3)2∙6H2O (Aldrich, 98+%) were dissolved in distilled water with proper amount of 
citric acid. Glycine-nitrate process (GNP) can produce fine particle size produce gadolinium doped 
ceria (GDC, Ce0.9Gd0.1O1.95) powder and NiO for electrodes and electrolyte. The solutions were heated 
up to 623 K in air and followed by combustion to form fine powders which were calcined at 873 K for 
4 hours. For the measurement of electrical conductivity, the powders were pressed into pellets at 5 
MPa and sintered in air at 1423 K for 12 h (to achieve relative density > 95%). 
The structure and the morphology of the LaxSr1-xCoO3-δ were characterized by X-ray diffraction (XRD) 
and scanning electron microscopy (SEM). X-Ray powder diffraction measurements (Rigaku 
diffractometer, Cu Ka radiation) was performed to confirm the structure with a scan rate of 0.6o min-1 
and a range 20o < 2θ < 60o. A thermogravimetric analysis (TGA) was carried out using a SDT-Q600 
(TA instrument, USA). The TGA experiments were carried out from room temperature to 1173 K with 
a heating/cooling rate of 3 K min-1. The room-temperature oxygen content values were determined by 
iodometric titration. 
Electrical conductivities of the LaxSr1-xCoO3-δ cathode materials were determined in air using a four-
electrode measurement. All four electrodes were made of Ag wire and Ag paste. The current and 
voltage were controlled/measured using a potentiostat (BioLogic) in the temperature range of 373 to 
873 K with an interval of 50 K. 
For symmetrical cells, two Ag wires were attached to each of the two electrodes using Ag paste. Each 
cell was mounted on an alumina tube using a ceramic adhesive (Aremco, Ceramabond 552). 
Impedance spectra were recorded under OCV in a frequency range of 1 mHz to 500 kHz with ac 
perturbation of 14 mV in the temperature range of 773-923 K. 
For the single cell tests, each cell was mounted on an alumina tube using a ceramic adhesive. 
Humidified (with 3 vol % H2O) H2 was used as the fuel at a flow rate of 100 mL min-1 (passing 
through a water bubbler at room temperature), whereas ambient air was supplied to cathode as the 
oxidant. Impedance spectra and I-V polarization curves were obtained with a BioLogic Potentiostat. 
The I-V polarization curves were recorded between 773 K and 923 K. 
Symmetrical cells are used for impedance researches and they are composed of 
electrode/GDC/electrode. For making cathode slurry, mix the LSC samples, GDC, and binder 
(Heraeus V006) in 3 : 2 : 6 weight ratio. Then, screen print the cathode slurry both side of sintered 
pellet surfaces and sintered at 1223 K for 4h. The silver wire and silver paste was used as a current 
collector for the electrodes. Impedance spectra were recorded under OCV in a frequency range of 1 
mHz to 500 kHz with AC perturbation of 14 mV from 773 K to 923 K. 
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Ni-GDC anode support single cells are used to check electrochemical performances of cathode. The 
LaxSr1-xCoO3-δ powders and GDC are blended using ball-milling process during 24 h with 6:4 weight 
ratio to measure cell performance. The Ni-GDC anode is manufactured by nickel oxide, GDC powder, 
and starch mixture (weight ratio 6 : 4 : 2) and ball-milled with ethanol during 24 h. The GDC 
electrolyte layer is made by drop coating process on Ni-GDC cermet anode surface. The Ni-
GDC/GDC anode-electrolyte layer is sintered at 1673 K for 5 h. The LaxSr1-xCoO3-δ slurries are used 
for cathode layer painted on the GDC electrolyte, with active cathode area of 0.36 cm2. The cells are 
sintered at 1223 K for 4 h under an air atmosphere. Ag wires are attached to both sides of single cells, 
anode and cathode, using Ag paste as current collector. An alumina tube is used to set the single cell 
using a ceramic adhesive (Aremco, Ceramabond 553). H2 containing 3 % H2O is applied through 
water bubbler with a flow rate of 20 mL min-1, while air was employed as oxidant and flowing slowly 
to the cathode during the single cell test. A BioLogic Potentiostat is used to measure impedance 
spectra and I-V curves. Impedance spectra are measured under OCV in a frequency range of 1 mHz to 
500 kHz with AC perturbation of 14 mV at 873 K, and I-V polarization curves are measured between 




5.3 Results and Discussions 
The XRD patterns of LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7) oxides sintered at 1423 K for 4 
h are shown in Fig. 5.1 to confirm their crystal structure. XRD peaks of LSC28, LSC37, and LSC46 
show a cubic perovskite structure without any impurity peaks. However, the other samples show a 
rhombohedral structure, as seen in the inset of Fig. 5.1. On this basis, we can predict that a phase 
transition boundary of the LaxSr1-xCoO3-δ oxide exists between x = 0.4 and 0.5.28, 29 
 
 
Figure 5.1 XRD pattern of LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) after sintering at 1423 K 
for 12 h. The inset shows the in-situ X-ray patterns of LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6, and 
0.7) in air at room temperature. 
 
Figure 5.2 shows cross-sectional microstructure images of the LaxSr1-xCoO3-δ cathodes on a NiO-GDC 
anode support cell and the cathode morphology captured by SEM. The electrode microstructure 
captured by SEM is linked to the characteristics of the surface, the TPB area, the volume fraction of 
chemical phases present, and electron transport: these properties affect the fuel cell performance 
through the reaction kinetics, charge transport, and mass transport processes.27, 28 The respective 
thickness of the electrolyte is about 15 μm, and there are no cracks or pores. The cathode layer has 
porous morphology that enhances oxygen diffusion and its thickness is about 15 μm as seen in Fig. 
5.2(a). The LaxSr1-xCoO3-δ oxides have good adhesion with the GDC electrolyte, which is expected to 
enhance the thermal compatibility and the long-term thermal stability of the cathode/electrolyte 
interface. The microstructures of all LaxSr1-xCoO3-δ samples are similar, showing that the 





Figure 5.2 Scanning electron micrographs of the cross-sectional view with a tri-layer single cell (Ni-
GDC/GDC/ LaxSr1-xCoO3-δ-GDC) and each LaxSr1-xCoO3-δ oxide sample (x = 0.2, 0.3, 0.4, 0.5, and 
0.6). 
 
Figure 5.3 Variation of oxygen content in LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, and 0.6) as a function 




Thermogravimetric analysis (TGA) data describing the weight change and oxygen-content of LaxSr1-
xCoO3-δ oxides upon heating to 1173 K in air are shown in Fig. 5.3. Weight changes of all LSC 
samples started at around 573 K due to the release of lattice oxygen, with a weight loss of 0.92~2.21% 
from room temperature to 1173 K. Initial oxygen content determined by iodometric titration at room 
temperature increases with higher concentration of lanthanum. 
 
 
Figure 5.4 The electrical conductivity data for LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) as a 
function of temperature in air. The electrical conductivities of LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, 0.6, 
and 0.7) are presented as a function of lanthanum content at 873 K in the inset. 
 
The electrical conductivity of the LaxSr1-xCoO3-δ cathodes is presented in a temperature range of 
373~1023 K in air, as seen in Fig. 5.4. Electrical conductivities decrease as temperature increases, and 
this is evidence that LaxSr1-xCoO3-δ has metallic-like behavior. The higher electrical conductivity with 
increasing lanthanum content can be explained by the ionic size of lanthanum. The large ionic size of 
lanthanum compared to other lanthanides makes higher electronic conductivity possible due to 
straightening of the Co-O-Co bonds to 180°, larger bandwidth, and larger covalency of the Co-O 
bonds.17, 18 The amount of oxygen content in LSCs increases by La doping as shown in TGA 





Figure 5.5 (a) Arrhenius plot of the area specific resistance for LaxSr1-xCoO3-δ-GDC (x = 0.2, 0.3, 0.4, 
0.5, and 0.6) at various temperatures. (b) Impedance spectra and fitted Nyquist plots with a LaxSr1-
xCoO3-δ-GDC (x = 0.2, 0.3, 0.4, 0.5, and 0.6) cathode measured under an open-circuit condition at 873 
K in air. The fitting parameters (R2 and R3) are indicated as a function of lanthanum content in the 
inset of Fig. 5.5(b). 
 
Cathode reaction includes reduction of molecular oxygen to oxygen ions, gas diffusion, surface 
adsorption, dissociation, charge transfer. The surface exchange and oxygen diffusion properties are 
key factors to understand the electrochemical properties of the cathode, as well as to suggest a 
direction for performance measurements. GDC enhance the electrocatalytic activity by supplying 
additional triple phase boundary (TPB) sites of the cathode where the electrochemical reaction 
occurs.30, 31 In this regard, the impedance spectra for symmetric cells (LSC-GDC|GDC|LSC-GDC) are 
obtained in order to clarify electrocatalytic activity for the ORR by AC impedance spectroscopy at 
various temperatures in air. An Arrhenius plot of the area specific resistance (ASR) for LaxSr1-xCoO3-δ 
is shown in Fig. 5.5(a) and it shows the points of ASR scanned at every 50 K from 923 K to 773 K for 
the LaxSr1-xCoO3-δ (x = 0.2, 0.3, 0.4, 0.5, and 0.6) samples. 
The ASR of LSC46-GDC shows the lowest value, 0.052 Ω cm2 at 873 K, and this is the best value 
among the LSC oxides in this study. The impedance spectra for symmetric cells (LSC-
GDC/GDC/LSC-GDC) by AC impedance spectroscopy with various temperatures in air are shown in 
Fig. 5.5(b). The impedance spectra are fitted to the equivalent circuit. The fitting parameters (R2 and 
R3) are presented as a function of La content in the inset of Fig. 5.5(b). Based on the literature, the 
high and intermediate frequency behavior of impedance (R2) is related to ion and electron transfer at 
the electrode, electrolyte, and collector/electrode interfaces, while the low frequency behavior of 
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impedance, R3, is associated with non-charge transfer, such as oxygen surface exchange and gas-phase 
diffusion inside and outside the electrode layer.32-34 From these results, R3 with an increase of La 
content from x = 0.2 to 0.6 shows a more considerable change than R2 in the LaxSr1-xCoO3-δ cathode, 
mainly due to the lower oxygen diffusion rate caused by the distortion of the structure from cubic to 
rhombohedral.35 
I-V curves and corresponding power density curves of LaxSr1-xCoO3-δ with an Ni-GDC anode 
supported single cell in a temperature range of 773 to 923 K using humidified H2 (3 % H2O) as a fuel 
and static ambient air as an oxidant are presented in Fig. 5.6. The crystal structure is an important 
factor with respect to the electrochemical performance of LaxSr1-xCoO3-δ oxides. The electrochemical 
performance of LSCs improves until x = 0.4, whereas it falls after x = 0.4, which appears to be mainly 
due to the structural change to rhombohedral from cubic. At x ≤ 0.5, LaxSr1-xCoO3-δ retains the cubic 
structure; however, above x = 0.5, LaxSr1-xCoO3-δ oxides structures are changed to rhombohedral 
structures. The rhombohedral structure is a kind of distorted cubic structure, and disordered oxygen 
diffusion paths lead to degradation of ionic conductivities and performance.35 The maximum power 
density is 1.58 W cm−2 for x = 0.4, and the other samples also show excellent power density: 1.40 and 
1.34 W cm−2 for x = 0.2 and 0.6, respectively, at 873 K. The optimized maximum power density of 
LSC46 can be explained by a combined effect of enhanced electrical conductivity according to the 
lanthanum doping and high ionic conductivity originating from the ordered oxygen diffusion paths 





Figure 5.6 I-V curves and corresponding power density curves of single cell (Ni-GDC/GDC/LaxSr1-




Lanthanide doped SrCoO3-δ oxides, LnxSr1-xCoO3-δ (Ln = La, Pr, Nd, Sm, and Gd), have been 
extensively investigated on the basis of their good ionic and electronic conductivity and high 
performance as IT-SOFC cathode materials. However, there was no systematic study in the cell 
performance with regard to the amount of La so far. In this study, we systematically investigated the 
effects of La in LaxSr1-xCoO3-δ cathodes on the structure, electrical properties, and electrochemical 
performance. 
The electrical conductivities of LaxSr1-xCoO3-δ in air increase according to the amount of lanthanum 
content because of the large ionic size of lanthanum among the lanthanides, possibly due to 
straightening of the Co-O-Co bonds and large bandwidth. The ASR with GDC symmetrical cells 
decreased with lanthanum doping in LaxSr1-xCoO3-δ-GDC cathodes. The ASR value of LSCs after x = 
0.4, however, increased, possibly due to a structural change from perovskite to a rhombohedral 
structure. The electrochemical performance of in LaxSr1-xCoO3-δ-GDC cathodes was evaluated using 
an anode-supported cell based on a GDC electrolyte with humidified H2 (3 % H2O). The maximum 
power density was 1.58 W cm−2 for x = 0.4 at 873 K. The other samples also show good performance 
of 1.40 and 1.34 W cm−2 for x = 0.2 and 0.6, respectively. The maximum power density for x = 0.4 
might be explained by the high electrical conductivity, fast oxygen transport in the bulk and surface, 
and high catalytic activity for the ORR with a cubic perovskite crystal structure. Therefore, LSC46-
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Chapter VI. An Efficient Oxygen Evolution Catalyst for Hybrid Lithium 
Air Batteries: Almond Stick Type Composite of Perovskite and Cobalt 
Oxide 




High efficiency, eco-friendliness, and low cost are substantial factors for developing energy 
conversion and storage systems such as water splitting, electrolysis cells, fuel cells, metal−air 
batteries, and solar synthetic reactors. In order to build highly efficient energy conversion and storage 
devices, improved catalytic activity for oxygen reduction and evolution reactions (ORR and OER) is 
the most important feature.1-5 The ideal ORR and OER in an alkaline solution involve a four-electron 
transfer pathway described by equation (1). 
 
O2+4𝑒
−+2 H2O ←⃗⃗⃗  4 OH
−         (n = 4)   (1) 
 
In contrast, a two-electron transfer pathway is partly responsible for the ORR current; does not 
complete a turnover of the ORR but generates peroxide as an intermediate product. 6-11 
 
O2+2𝑒
−+2 H2O →  HO2
− + OH−    (n = 2)   (2) 
 
For a high oxygen redox, precious-metal-based materials such as platinum (Pt), iridium oxide (IrO2), 
and ruthenium oxide (RuO2) are commonly used as electro-catalysts due to their high catalytic activity. 
Even though these catalysts show superior electrochemical properties, their commercial application is 
very limited by their high cost, scarcity of resources, and the absence of bifunctional catalytic 
reactivity.12-14 Additionally, the noble metal catalysts require a high conducting support material for 
electron path. Carbon materials, such as Ketjen Black (KB), Vulcan XC-72R, Super-P Black (SPB), 
etc. are normally used for the support because of their low cost, easy production, high conduction, and 
acceptable performance. However, their low electron transfer numbers (n) generate large amounts of 
HO2
−  oxidants that induce oxidation/corrosion of carbon supports, resulting in an increase of 
charge/discharge overpotential.15-19 In addition, Li2CO3 generated from the reaction between carbon 
and intermediate products (Li2O2) during the discharge process gives rise to an increase of resistance 
and decay of the cycling performance of rechargeable solid-state Li–air batteries.20 To overcome the 
drawbacks of both precious metals and carbon materials, it is necessary to develop a precious metal 
and carbon free catalyst material. 
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Recently, a number of groups have attempted to develop inexpensive and high-performing metal 
electro-catalysts based on transition-metal oxide materials, especially oxides containing cobalt.21-25 
Dai et al. showed that cobalt oxides are synergistic catalysts having high efficiency for the OER.1 
Shao-Horn et al. reported several perovskites that exhibited high performance for both ORR and OER. 
Among them, Co-containing perovskite oxides, such as Nd1-xSrxCoO3-δ (NSC), LaxSr1-xCoO3-δ, and 
BaxSr1-xCoyFe1-yO3-δ, have received attention due to their good catalytic activities for the ORR and 
OER, cyclic stability, and the capability of simultaneous oxygen ionic and electronic conduction.26-31 
Normally, A-site deficiency or B-site excess perovskite oxides are formed as a single phase with a 
solid state or combustion process when a nonstoichiometric precursor is used.32, 33 Interestingly, 
however, we successfully synthesized a double phases Co3O4 and NSC composite via a new synthesis 
process rather than single phase of Co excess Nd0.5Sr0.5Co1.1O3-δ perovskite in this study. The Co3O4 
and NSC composite (Co-NSC) is synthesized via an electrospinning process with a nonstoichiometric 
stock solution. The stoichiometric NSC is also synthesized and compared in order to identify the 
effect of the composite on microstructure and electrochemical properties. Herein, we investigate the 
electrochemical effect of the cobalt oxide and perovskite composite electrocatalysts fabricated via an 






6.2.1 Material Preparation 
An electrospinning process was adopted to prepare NSC and Co-NSC powders. A 0.01 M NSC (Nd : 
Sr : Co = 1 : 1 : 2) and Co-NSC (Nd : Sr : Co = 1 : 1 : 2.2) precursor solution was prepared with 
Nd(NO3)3•6H2O (Aldrich, 99.9%, metal basis), Sr(NO3)2 (Aldrich, 99+%), and Co(NO3)2•6H2O 
(Aldrich, 98+%) in N,N-Dimethylformamide (DMF, 99.5%, Aldrich Chemical Co.) solvent. The 
precursor solution was mixed with 15 wt. % PVP (Polyvinylpyrrolidone, Mw = 1,300,000, Aldrich 
Chemical Co.) 
A power supply (Korea Switching, Korea) with variable high voltage was used for the electrospinning 
process. A composite solution was placed in a 30 ml syringe with a positively charged capillary tip 
with a diameter of 0.5 mm. The anode of the high-voltage power supply was clamped to a syringe 
needle tip and the cathode was connected to a metal collector. The electrospun composite fiber was 
collected by attaching it to aluminium foil wrapped on a metal collector. The applied voltage was 9 kV, 
the distance between the syringe needle tip and collector was 11 cm, and the flow rate of the solution 
was 0.5 ml h-1. The electrospun webs were dried by heating them at 80 oC for 1 h in an air atmosphere 
and separated from the aluminium foil. After that, the dried webs were sintered at 850 oC for 4 h in an 
air atmosphere. The heating rate was 2 oC min-1. 
 
6.2.2 Crystallography Characterization 
The crystallographic structures of the materials were characterized at a scan rate of 0.6 o min-1 with a 
2θ range of 20 o to 60 o by X-ray diffraction (XRD, D8 Advance, Bruker diffractometer with Cu K 
radiation). Scanning electron microscopy (SEM, Nanonova 230, FEI) was used to capture their 
morphologies. Transmission electron microscopy (TEM) images were obtained using a High 
Resolution-TEM (JEOL, JEM-2100F). 
 
6.2.3 Electrochemical characterization 
X-ray photoelectron spectroscopy (XPS) analyses were performed on ESCALAB 250XI from Thermo 
Fisher Scientific with a monochromated Al-Kα (ultraviolet He1, He2) X-ray source. The base pressure 
inside the spectrometer during analysis was 1 x 10-10 mmHg. 
Catalyst inks were prepared by dispersing 20mg of catalyst in 0.45 ml of ethanol, 0.45 ml of isopropyl 
alcohol, and 0.1 ml of 5 wt. % Nafion solution (Sigma-Aldrich 274704). The loading density of the 
catalyst was fixed at 0.8 mg cm-2 (disk electrode area = 0.1256 cm2). For comparison, Pt/C (Alfa 
Aesar 35849) and IrO2 (Alfa Aesar 43396) were used as controls. 
Cyclic and linear sweep voltammetries (CVs and LSVs) were measured on disk and ring electrodes 
simultaneously by a computer-controlled potentiostat (Biologic, VMP3) with 1600 rpm controlled by 
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a rotating disk electrode system (Biologic, RRDE-3A). A platinum wire and an Hg/HgO electrode 
(Hg/HgO vs. NHE is 0.140 V (NaOH, 1 M)) were used as the counter and reference electrodes, 
respectively. An aqueous solution of 0.1M KOH was used as the electrolyte. ORR polarization curves 
were obtained on the disk electrode from a cathodic sweep from 0.1 V to -0.9 V (vs. Hg/HgO) at 10 
mV s-1 after several cycles of CVs. Voltage of 0.4 V was applied to the ring electrode to estimate the 
amount of peroxide generated from the disk electrode. The anodic sweeps from 0.35 V to 0.9 V (vs. 
Hg/HgO) were presented as OER polarization curves. The other conditions were the same as those 
applied for the ORR polarization curves. To demonstrate the stability of OER, anodic and cathodic 
sweeps were repeated at 10 mV s-1 for 100 cycles. 
 
6.2.4 Preparation and assembly of a hybrid Li-air battery 
A lithium foil with a thickness of 0.2 mm was obtained from Honjo Metal, and disks with a diameter 
of 1 cm were cut for use as the anode. 1 M lithium hexafluorophosphate (LiPF6, Sigma-Aldrich Co.) 
in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich Co.) was used as an organic liquid 
electrolyte, and 0.1 M lithium hydroxide (LiOH, Sigma-Aldrich Co.) in pure water was used as the 
aqueous liquid electrolyte. The anode and cathode were separated by a Li1+x+yTi2-xAlxP3-ySiyO12 (0.15 
mm thickness, OHARA Inc., Japan) solid Li-ion conducting ceramic glass. The air electrodes were 
prepared by spraying the catalyst ink made with the prepared catalysts, carbon (catalyst:carbon = 4:1 
wt. ratio) and PVdF-HFP binder (Sigma-Aldrich Co.) onto the gas-diffusion layer (Toray TGP-H-090). 
The catalyst loading density and binder content in the air electrode were 1 mg cm-2 (air electrode area 
= 0.78 cm2) and 20 wt. %, respectively. Thus, the current density could be easily normalized with the 
loading density of the catalyst (0.8 mg cm-2). Details of the tested hybrid Li-air battery are available 
on the electronic supplementary information. 
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6.3 Results and Discussions 
 
   
Figure 6.1 (a) X-Ray Diffraction (XRD) pattern of Co-NSC and NSC after sintering at 850 oC for 4 h. 
(b), (c) Scanning electron micrographs (SEM) of NSC and Co-NSC composite. 
 
XRD was performed to confirm the crystal structure of NSC and Co-NSC in Fig. 6.1(a), indicating 
that both samples show typical cubic perovskite peaks except the Co3O4 peak of the (311) plane at 
around 37o for the Co-NSC. The microstructure of each sample is similarly characterized by 
homogenous 150 nm thick fibers (Fig. 6.1(b) and (c)), indicating it is insensitive to the Co3O4 phase. 
Therefore, TEM was used to observe the difference in grain morphology and elements in more detail 
in Fig. 6.2. 
 
 
Figure 6.2 Transmission electron microscopy (TEM) analysis & Energy dispersive spectroscopy 
(EDS) elemental mapping of the NSC particles. High-angle annular dark-field (HAADF) TEM image 
obtained from the (a) NSC and (c) Co-NSC composite. Elemental mapping of Nd, Sr, Co, and O, 
respectively in (b) and (d). 
 
For NSC fibers, a homogenous smooth surface and well distributed elements are seen in Fig. 6.2(a) 
and (b) from a high-angle annular dark-field (HAADF) TEM image. In contrast, the Co-NSC 
composite shows a rough surface with lumps of small grains (Fig. 6.2(c)) and bright-field TEM 
supports the unique microstructure more clearly (Fig. 6.3). To confirm the accurate atomic ratio of 
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each Co-NSC grain, marked sites 1 and 2 are identified (Fig. 6.2(c)) and details of each atomic ratio 
are specified in Table 6.1. According to the EDS results (Fig. 6.2(d)) and details of the atomic ratio at 
the marked sites, it is confirmed that the grains of the Co-NSC consist of NSC and Co3O4. The cobalt 
oxides and NSC exist separately and are uniformly distributed in the Co-NSC composite. 
 
  
Figure 6.3 Bright-field (BF) TEM image obtained from the (a) NSC and (b) Co-NSC samples. 
 
Table 6.1 Atomic ratio at various sites in the Co-NSC sample. 
Elements 
Atomic ratio (%) 
Site 1 Site 2 
Nd 12.38 3.36 
Sr 7.64 0.00 
Co 18.34 39.61 
O 61.65 57.03 
Total 100.00 100.00 
 
Rotating ring-disk electrode (RRDE) measurements were carried out to check the ORR and OER 
catalytic activity of the NSC and Co-NSC composite in Fig. 6.4 and Fig. 6.5. The disc current for the 
ORR of the NSC and Co-NSC catalysts is shown and compared with that of a commercial Pt/C 
catalyst (Fig. 6.4(a)). The ORR onset potential of the NSC and Co-NSC was -0.2 V (vs Hg/HgO) at -
0.1 mA cm-2 which is lower than that of Pt/C (0.089 V vs Hg/HgO). Interestingly, the current density 
of the Co-NSC composite is comparable with that of Pt/C at high voltage. For more information, ring 
currents of samples are shown in Fig. 6.4(b) to calculate the number of transferred electrons in Fig. 
6.4(c) and the percentage of peroxide species (HO2
−) in Fig. 6.4(d). 
The number of transferred electrons (n) shown in Fig. 6.4(c) was calculated by equation (3), 
 
n = 4 × 
Id
Id+Ir 𝑁⁄
    (3) 
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where Id and Ir are the disc current and ring current, respectively, with the experimentally determined 
collection efficiency (N) of 0.41. The calculated number of transferred electrons of the Co-NSC 
catalyst was about 3.9, which is close to the number of electrons involved in the ideal ORR, 4. 
The percentage of peroxide species (HO2
−) during the ORR process is shown in Fig. 6.4(d). Hydrogen 
peroxide yields were calculated by the following equation, 
HO2
−(%) = 200 × 
Ir 𝑁⁄
Id+Ir 𝑁⁄
   (4) 
The measured HO2
− yields are below 9% for NSC and below 5% for Co-NSC over a potential range 
of -0.4 to -0.9 V.34 To investigate the electrocatalytic activity of the catalysts for OER, LSV was 
performed with NSC, the Co-NSC composite and commercial IrO2 measured in a 0.1 M KOH 
solution with a scan rate of 10 mV s-1.  
 
 
Figure 6.4 (a) Disc current, (b) ring current, (c) number of transferred electrons, and (d) peroxide 
percentage of ORR are measured by a RRDE test. The test is operated with a 10 mV s-1 scan rate from 





Figure 6.5 (a) Disc currents of NSC and Co-NSC are compared with BSCF35, LSN36, LNO37, and 
IrO2 and (b) cyclic performances of OER are measured by a RRDE test. The test is operated with a 10 
mV s-1 scan rate and 1600 rpm rotating rate from 0.35 V to 0.9 V. 
 
The OER onset potential of Co-NSC (0.576 V) was better than that of the best OER catalyst to date 
such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF, 0.629 V), La1.7Sr0.3NiO4 (LSN, 0.629 V), LaNiO3 (LNO, 0.730 
V) and IrO2 (0.636 V) at 2.0 mA cm-2 as shown in Fig. 6.5(a). 35-37 It is worth noting that conducting 
carbon agents were added into those compared catalysts for the electrode optimization. In contrast, the 
Co-NSC composite in this study, there is not any additional conducting agents, such as KB, and SPB, 
which might cause cell degradation from the formation of undesired by-products. 
These RRDE results confirm the outstanding improvement of the catalytic activity is mainly attributed 
to the Co3O4 oxide with NSC perovskite. In order to assess the cyclic stability, a cyclic test was 
conducted with cyclic voltammetry (CV) with a 10 mV s-1 scan rate for 100 cycles. As shown in Fig. 









Figure 6.6 XPS spectra of (a) Cobalt 2p orbital and (b) Oxygen 1s orbital of NSC. XPS spectra of (c) 
Cobalt 2p orbital and (d) Oxygen 1s orbital of Co-NSC composite. 
 
To identify the reasons for the excellent catalytic activity of Co-NSC, bonding states of the cobalt in 
the NSC and Co-NSC oxides were further characterized by X-ray photoelectron spectroscopy (XPS) 
measurements as shown in Fig. 6.6. For the Co 2p spectra of the NSC (Fig. 6.6(a)) and Co-NSC (Fig. 
6.6(c)), the main peaks are located at binding energy of about 780.1 eV (at Co 2p3/2) and 796.6 eV (at 
Co 2p1/2). A weak satellite shoulder also appeared at 789.6 eV which indicates the existence of low 
spin Co(III) on the oxide surfaces.38 The low spin Co with a binding energy of ca. 780.1 eV is 
attributed to octahedral Co3+ cations.39 Considering the intensity of the peaks, the additional cobalt in 
Co-NSC causes an increase of Co3+ cations (from 46.93% to 51.98%). According to previous study, 
Co3+ cations at the cobalt oxide surface were related with the catalytic active sites. These Co3+ cations 
act as donor–acceptor reduction sites, with a donor electronic property with respect to O2 and an 
acceptor character involved with Co3O4 by capturing electrons.40 Figure 6.6(b) and (d) show the XPS 
spectra of the O 1s core levels obtained from the NSC and Co-NSC samples, respectively. Oxygen 
could exist in the NSC and Co-NSC catalysts in three forms, as reported in the literature.41, 42 The O 1s 
peak at 528 eV can be assigned to lattice oxygen (Olattice). The peak at 531.4–531.9 eV is usually 
related to adsorbed oxygen species (Oad), including O−, O2−, and OH−, which are believed to be 
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adsorbed mainly on lattice oxygen vacancy sites. The peak at around 533 eV is attributed to H2O 
molecules adsorbed on the material surface. The Co-NSC possesses a high concentration of adsorbed 
oxygen species (Oad), as indicated by the calculated Oad/Olattice ratio (1.857) compared with that of 
NSC (1.606). Adsorbed oxygen species are weakly bonded to the crystal lattice and can be easily 
released as molecular oxygen. From the XPS analysis, it has been confirmed that the good catalytic 
activity of Co-NSC originated from the higher amount of Co3+ cations and higher Oad/Olattice ratio. 
 The electrochemical performance of Co-NSC was evaluated with a hybrid Li-air battery and 
compared with that of Pt/C.43-46 Figure 6.7(a) shows the first discharge-charge curves of Pt/C and Co-
NSC in 0.1 M LiOH at a current density of 0.5 mA cm-2. The discharge and charge voltage plateaus of 
Co-NSC are obtained at 2.94 and 3.96 V versus Li/Li+, respectively (3.10 and 4.21 V versus Li/Li+ for 
Pt/C). Additional discharge and charge profiles are investigated at higher current density in a range of 
0.5 to 2.0 mA cm-2 (Fig. 6.7(b)). At 0.5 mA cm-2, the discharge voltage of Co-NSC is only 0.16 V 
lower than that of Pt/C. However, the charge voltage of Co-NSC at 0.5 mA cm-2 is 0.28 V lower than 
that of Pt/C, which indicates lower overpotential during the charge process. Even at a higher current 
density of 2.0 mA cm-2, the difference in the charge voltage between Co-NSC and Pt/C increases to 
0.33 V. These results demonstrate that the Co-NSC catalyst is comparable to Pt/C even at the high 
current density region. Figure 6.7(c) presents the cycling performance of Pt/C and Co-NSC at a 
constant current density of 0.1 mA cm-2 in ambient air. Pt/C shows obvious degradation during 20 h 
with a substantial increase in the discharge-charge voltage gap from 1.18 V to 1.64 V. This result is 
consistent with the vulnerability of Pt/C during the ORR and OER process. In the case of Co-NSC, in 
contrast, outstanding cycling performance was obtained during 20 h with the lowest discharge-charge 
voltage gap (less than 1.0 V). Co-NSC is thus an efficient bifunctional catalyst with comparable 
















Figure 6.7 (a) Charge and discharge curves of Co-NSC and Pt/C at a current density of 0.5 mA cm-2. 
(b) Additional discharge and charge profiles are investigated at higher current density in the range of 
0.5 to 2.0 mA cm-2. (c) Charge-discharge curves of Co-NSC and Pt/C at a current density of 0.1 mA 




In this study, we investigated the electrochemical characteristics of a Co-NSC composite without 
using a precious metal catalyst. The Co-NSC composite was synthesized by an electro-spinning 
method rather than a solid state or combustion process to successfully synthesize a double phase 
Co3O4 and NSC composite. The phases of the Co-NSC composite were confirmed as NSC and Co3O4 
oxides by XRD, SEM, and TEM. The ORR onset potential and the electron transfer number of the 
Co-NSC composite were -0.2 V vs Hg/HgO and 3.9, respectively, and Co-NSC showed higher disc 
current density compared with NSC. The Co-NSC composite also has superior catalytic activity for 
OER to the best perovskite catalysts to date, i.e., BSCF, LSN, and LNO and the conventional IrO2 
catalyst and the composite shows remarkably good cyclic stability without significant degradation. 
The catalytic activity of Co-NSC is underpinned by the high concentration of Co3+ cations and 
adsorbed oxygen ratio (Oad/Olattice), which corresponds to the catalytic active sites, caused by the 
additional cobalt in Co-NSC. The electrochemical performance of Co-NSC and Pt/C was evaluated 
with a hybrid Li-air battery. The discharge and charge voltage plateaus of Co-NSC are obtained at 
2.94 and 3.96 V versus Li/Li+, respectively. 
In conclusion, the high catalytic activity of Co-NSC can be explained by its unique morphology, 
increased Co3+ cations, and higher oxygen adsorption rate on the surface. Co-NSC is a suitable 
bifunctional catalytic cathode material that can replace precious metal-based catalysts for energy 
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Chapter VII. A Highly Efficient and Robust Cation Ordered Perovskite 
Oxides as a Bi-Functional Catalyst for Rechargeable Zinc-Air Batteries 




The demand for secure, clean, and renewable energy has stimulated extensive research in rechargeable 
metal–air batteries. Due to the intrinsic high theoretical energy density, the metal-air batteries can be 
potentially good candidates for next-generation electrical vehicles (EVs) and electrical energy storage 
systems (EES).1-5 However, overpotential which is caused by sluggish ORR and OER kinetics of 
electrodes and catalysts has become one of the technical hurdle to commercialization.6, 7 Therefore, it 
is extremely required to develop a bi-functional electrocatalyst having high efficiency of ORR/OER 
and long-term stability in order to complete rechargeable metal-air batteries. Despite precious metal 
related compounds, e.g., Pt, IrO2 and RuO2 are well known as the most efficient ORR/OER 
electrocatalysts, their application for large scale is limited due to high cost, scarcity and unsatisfactory 
durability.8, 9 Therefore, considerable efforts have been devoted to exploring precious metal-free bi-
functional electrocatalysts, such as N-doped graphene, Co3O4/N-doped graphene, Co3O4 nanowire 
arrays, N-doped carbon nanotube frameworks, N-P co-doped mesoporous nanocarbon foams, and 
metal-organic frameworks, etc.10-12 
Recently, among the various bi-functional electrocatalysts, ABO3 type perovskite oxides, composing 
of rare earth or alkali metal at the A-site and transition metal at the B-site, have been applicable as a 
cathode electrocatalyst.13-18 In general, the properties of perovskite oxides can be easily controlled by 
partial substitution of A or B-site cations, leading to various structures, oxygen contents, and 
electrocatalytic properties.19 Regarding electrocatalytic properties, some strategies have been reported 
to enhance the ORR/OER, such as cation doping, surface optimization, nano structuring, and 
employing composites.19-22 For example, the OER of SrCo0.7Fe0.2O3-δ was enhanced by doping 
niobium at the A-site, and that of La0.8Sr0.2CoO3-δ was improved by doping iron or nickel at the B-
site.13, 20 In particular, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is a promising perovskite as the competitive 
candidate of electrocatalysts in the previous studies.14, 15 However, Large amounts of H2O2 production 
and large overpotential are often observed during the ORR, a major factor in severe performance 
degradation.19 
Recently, the cation ordered perovskites have been effectively used as an electrode at high 
temperature applications (600~900 oC) because of their high oxygen kinetics, electrical conductivity 
and structural stability compared with ABO3-δ type perovskite oxides.23-33 More recently, these oxides 
have been explored as an efficient and stable oxygen catalyst for low-temperature applications.15, 19 
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In this study, a series of PrBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.5, 1, 1.5, and 2, PBSCF) were prepared and 
determined the optimum Fe contents through electrochemical evaluation. To obtain nano-scale 
powders, electrospinning was adopted because it was known as a simple, versatile, and useful 
technique for making nanomaterials in large-scale preparation.34-36 The mesoporous PrBa0.5Sr0.5Co2-
xFexO5+δ nanofiber (PBSCF-NF) had uniform diameter and high surface area (~20 m2 g-1). This 
nanofiber improved the bi-functionality of ORR/OER, especially, the OER performance was about 9 
times higher than that of state-of-the-art precious metal oxide IrO2 at overpotential of 0.3 V. 
Furthermore, it also demonstrated notable charge-discharge stability even at high current density (10 





7.2.1 Preparation of Composite Cathode 
PrBa0.5Sr0.5Co2-xFexO5+δ nanofibers were fabricated by electrospinning PBSCF/ Polyacrylonitrile (PAN) 
solution followed by high temperature oxidation to remove the organic precursor materials. The 
PBSCF/PAN precursor solution consisted of Pr(NO3)3·6H2O, Ba(NO3)2, Sr(NO3)2, Co(NO3)2·6H2O, 
Fe(NO3)3·9H2O (Sigma-Aldrich Co., 99+%), polyacrylonitrile (PAN), and N, N-dimethylformamide 
(DMF, Alfa Aesar Co.). In a typical procedure, the electrospinning solution was prepared by 
dissolving the above metal nitrates (1 mM) in DMF solvent in a molar ratio of Pr: Ba: Sr: Co: Fe = 1: 
0.5: 0.5: 1.5: 0.5. The proper quantity of PAN was added into the resulting solution, followed by 
stirring for 12 h to ensure dissolution of all precursor materials. The as-prepared PBSCF precursor 
solution was loaded into a plastic syringe equipped with a 25-gauge stainless steel needle, electrically 
connected to a high voltage power supply. For the electrospinning experiment, the applied voltage 
was fixed at 15 kV and the distance of the needle to the collector was maintained at 12 cm. The 
syringe was held stationary as the fibers were collected on a rotating drum. The whole piece of the 
nanofiber precursor was peeled off and clipped onto two aluminum sheets and then heated at 900 oC 
for 2 h to achieve a pure perovskite structure, with a heating rate of 2 oC min-1. 
 
7.2.2 Electrochemical Characterization 
The microstructure was examined by scanning electron microscopy (SEM, Nova FE-SEM) and 
transmission electron microscopy (TEM, JEOL, JEM-2100F). The phase structure of PBSCF-F was 
characterized by X-ray powder diffraction (XRD, Rigaku diffractometer, Cu Kα radiation) with a scan 
rate of 0.1 o min-1. The program GSAS was used for the Rietveld refinement of powder pattern and 
lattice parameters. 
A computer-controlled potentiostat (Biologic VMP3) with a RRDE-3A rotating disk electrode system 
was used for the electrochemical tests. An Hg/HgO (1 M NaOH filled) electrode was employed as the 
reference electrode and a platinum wire was used as the counter-electrode. The catalysts (physically 
mixing 18 mg of catalyst and 2 mg Ketjen Black (EC-600JD, KB) were first dispersed in 
ethanol/isopropyl alcohol solution (10 mg mL-1) and Nafion (25 wt.%) stock solution (10 μL) in 
ethanol was added to the catalyst ink by bath sonication to prepare the catalyst ink. A total of 5 μL of 
well-dispersed catalyst ink was applied onto the pre-polished glassy carbon (GC) disk electrode (4 
mm in diameter) for the working electrodes. IrO2 also used to compare with other samples, and its 






7.2.3 Preparation of Rechargeable Zn-Air Battery 
Zinc plate was used as the anode which separated by a nylon polymer membrane separator (Cell 
guard 3501 membrane) with the cathode and 6 M KOH electrolyte was filled between the cathode and 
anode, nickel mesh was used as a current collector. The only difference between the primary and 
rechargeable Zn-air battery was 0.2 M Zinc acetate should be added in 6M KOH as electrolyte for 
rechargeable one. The air cathodes were prepared by coating a mixture of PTFE binder (60 wt.% 
PTFE emulsion in water, Sigma-Aldrich), activated charcoal (Darco G-60A, Sigma-Aldrich) and 
electrocatalyst (PBSCF-NF or Pt/C+IrO2) in a ratio of 65: 8: 27, respectively. The pristine air 
electrode, which could work as gas diffusion layer consists of carbon and PTFE binder, was used for 




7.3 Results and Discussions 
 
 
Figure 7.1 XRD of the PrBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.5, 1, 1.5, and 2) calcined at 1100 °C. 
 
In this study, we synthesized a series of bulk PrBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.5, 1, 1.5, and 2, 
PBSCF-P) calcined at 1100 °C in air for 12 hours. The X-ray diffraction (XRD) was performed to 
determine the crystal structure of the prepared samples as shown in Fig. 7.1, showing that a single-
phase crystal structure without any detectable impurities. As we reported in previous study, the lattice 
of PBSCF-P was expanded as small Co3+ (r = 0.545 Å) or Co4+ (r = 0.530 Å) ions were replaced by 
larger Fe3+ (r = 0.645 Å) or Fe4+ (r = 0.585 Å) ions. 
Meanwhile, it is well known that the concentration of oxygen vacancies and the cobalt oxidation state 
in cation ordered perovskites inevitably affect ORR/OER activity. Because the oxygen vacancies and 
the cobalt oxidation state are the factors that affect the covalent bond between metal 3d and the 
oxygen 2p orbital. In addition, the electronegativity of the material has also been reported as one of 
the reasons for affecting ORR activity. The Fe, which has smaller Pauling electronegativity (1.83) 
than Co (1.88), doping in B-site also leads to change of the oxygen vacancies and the cobalt oxidation 
state. Therefore, we expected that the proper amount of Fe doping would electrochemically improve 





Figure 7.2 (a) OER polarization curves of PrBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.5, 1, 1.5, and 2), 
respectively, in O2-saturated 0.1 M KOH at a rotation rate of 1600 rpm and a scan rate of 10 mV s-1. 
(b) ORR polarization curves after ten consecutive scans for PrBa0.5Sr0.5Co2-xFexO5+δ, respectively, in 
O2-saturated 0.1 M KOH at rotation rate of 1600 rpm and scan rate of 10 mV s-1. Note that, there are 
only perovskite oxides in the GC electrode for the comparison of those catalysts. 
 
The optimal ratio of the PBSCF-P was initially determined based on the OER and ORR performance. 
The electrochemical performances of well-synthesized series of PBSCF-P samples were evaluated 
using rotating ring-disk electrode (RRDE) as shown in Fig. 7.2. The PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (x = 0.5, 
PBSC1.5F0.5) showed the highest active ORR and OER activity among the PBSCF-P series. Based 
on the general design principles of the perovskite oxides, the high oxidation state of transition metal 
(near 1 of eg filling corresponds to maximum activity) is one of the reason to enhance the ORR/OER 
activity. As shown in Fig. 7.3, the X-ray photoelectron spectroscopy (XPS) results exhibited that the 
calculated ratio of Fe4+/Fe3+ on the surface of the PBSC1.5F0.5 catalyst is 37.5/62.5, which will 





Figure 7.3 (a) XPS survey spectra of PBSCF-NF and PBSCF-P; (b) O 1s; (c) Fe 2p; (d) Co 2p and Ba 
3d. 
 
Mesoporous nanofiber of PBSCF (PBSCF-NF) with optimal ratio was synthesized by electrospinning 
and the subsequent experiments were conducted. The morphology of the PBSCF-NF was tailored by 
varying the precursor solutions and electrospinning parameters. The concentration of metal nitrate 
precursors in DMF was fixed at 1.0 mM, while the concentration of PAN was systematically 
controlled from 6 wt.% to 10 wt.%. Figure 7.4 showed the SEM images of PBSCF-NF containing 
various concentrations of PAN. As the concentration of PAN increase, it can be clearly seen that the 
size and number of beads were dramatically reduced, and the diameter of fiber was enlarged. The 
calcination temperature was also controlled to identify patterns of morphology and particle growth. 
The high calcination temperature increases the size of particles, reducing the size of the mesoporous 
of the nanofibers as shown in Fig. 7.4. The Brunauer–Emmett–Teller (BET) surface area of PBSCF-
NF was measured as 16.2 m2 g-1, which was about 8 times higher than that of PBSCF-P as shown in 
Fig. 7.5. The spacious surface of PBSCF-NF can serve as an excellent electrocatalyst since it can 





Figure 7.4 SEM images of electrospun PBSCF-NF with different concentrations of PAN, (a) 6 wt.% 
PAN, (b) 8 wt.% and (c) 10 wt.% PAN; PBSCF-NF calcined in air for 2 h, (d) 900 oC 2 h, (e) 950 oC 2 
h and (f) 1000 oC 2 h. 
 
 
Figure 7.5 N2 adsorption–desorption isotherms for the PBSCF-NF and PBSCF-P. 
 
As shown in Fig. 7.6(a), all peaks of PBSCF-NF were indexed to tetragonal (P4/mmm) with lattice 
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parameters of a = 3.871 Å and c = 7.757 Å confirmed by the Rietveld refinement. The crystal 
structure and morphology of optimized PBSCF-NF were further precisely investigated by 
transmission electron microscopy (TEM). High resolution TEM (HR-TEM) showed that the crystal 
structure was confirmed as A-cation ordering, which provides the formation of an oxygen deficient 
square pyramidal symmetry. The localized oxygen vacancies in the Pr plane from the ordering 
crystalline structure lead to the oxygen kinetics and structural stability. The low-magnification TEM 
image in Fig. 7.6(b) showed that the mesoporous nanofiber with a diameter of 300 nm make from 
homogenously dispersed 20-40 nm sizes of nanoparticles and 5-10 nm range of mesoporous. Lattice 
spacing of the (001) and (100) planes in the tetragonal structure of the PBSCF-NF was 0.775nm and 
0.385 nm, respectively (Fig. 7.6(c)). The electron energy-loss spectroscopy (EELS) profile 
measurement was performed to confirm the elements in the PBSCF-NF. Figure 7.6(e) and (f) showed 
the clearly visible peaks of the O, Fe, Co, and Pr elements at a point of the fiber (less than 1nm in 
diameter) and at the red cross-line on the PBSCF-NF shown in Fig. 7.6(d), respectively. 
 
 
Figure 7.6 (a) Refined XRD profiles of the PBSCF-NF. (b) TEM image of PBSCF-NF. (c) High 
resolution TEM image of PBSCF-NF. (d) STEM image of PBSCF-NF. (e) Energy-loss spectrum of 
the PBSCF-NF. (f) Line scan across the PBSCF-NF from a red line on the nanofiber in (d). 
 
The OER performance of PBSCF-NF was investigated in 0.1 M KOH solution (PH=13) and 
compared with PBSCF-P, IrO2 and BSCF. As shown in Fig. 7.7(a), PBSCF-NF exhibited a small onset 
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potential of 1.52 V, which was much smaller than that of the state-of-art IrO2 (1.56 V). In addition, the 
Tafel slope of the PBSCF-NF (81 mV dec-1) was significantly lower than those of PBSCF-P (121 mV 
dec-1), IrO2 (115 mV dec-1), and BSCF (196 mV dec-1).7 Because of the low Tafel slope, the OER 
current of PBSCF-NF increases rapidly with the increase of overvoltage, which makes PBSCF-NF 
more competitive in practical applications. At current density of 10 mA cm-2, PBSCF-NF showed 
lower overpotential (0.3 V) compared to PBSCF-P, IrO2, and BSCF (0.42 V, 0.45 V and 0.54 V) as 
shown in Fig. 7.7(c). It also has much smaller overpotential than other recently reported 
electrocatalysts. Moreover, the current density of PBSCF-NF, PBSCF-P, IrO2, and BSCF at 
overpotential of 0.3 V was 9.1, 1.5, 1.0 and 1.5 mA cm-2, respectively as shown in Fig. 7.7(d), 
indicating that PBSCF-NF is superior OER electrocatalytic activity. It is interesting to compare their 
specific activity (current per BET area, SA, mA cmBET
−2  at 1.55 V) due to assess the intrinsic OER 
activities of the catalysts without surface area. This result shows that the SA of PBSCF-NF (0.092 
mA cmBET
−2 ) was higher than that of PBSCF-P (0.029 mA cmBET




Figure 7.7 OER activities of PBSCF-NF, PBSCF-P, BSCF and IrO2. (a) Polarization curves of 
PBSCF-NF, PBSCF-P, BSCF and IrO2 electrocatalysts in 0.1 M KOH solution at 1600 rpm with 10 
mV s-1 scan rate. (b) Tafel plots obtained from the polarization curves in (a). (c) Overpotentials of 
PBSCF-NF, PBSCF-P, BSCF and IrO2 at a current density of 10 mA cm-2. (d) Currents densities of 




The XPS results reveal that the relative content of lattice oxygen species (528.4 eV) on the surface of 
PBSCF-NF is 19% smaller than that of PBSCF-P (Fig. 7.3(b)). Also, the oxygen non-stoichiometry 
(5+δ) of PBSCF-NF (5.822 ± 0.005) and PBSCF-P (5.910 ± 0.005) was quantified using iodometric 
titration, indicating that the nanofibers had a large amount of oxygen vacancies.41, 42 Following the 
previous study, it has been demonstrated that the OER performance of the perovskite oxides is largely 
enhanced by the modification of the oxygen deficiency.43 In summary, the superior performance of 
PBSCF-NF can be explained with the presence of faster mass transport active sites provided by the 
mesoporous fiber structure and the oxygen deficiency on the surface of oxides. In addition, the 
superior electrochemical stability of PBSCF-NF was confirmed by a long-term cycling test (5000 
cycles) in 0.1 M KOH solution. 
 
 
Figure 7.8 ORR activity of PBSCF-NF, PBSCF-P, and Pt/C. (a) Polarization curves of PBSCF-NF, 
PBSCF-P, and Pt/C electrocatalysts in 0.1 M KOH solution. (b) Tafel plots obtained from the 
polarization curves in (a). (c) The electron transfer numbers of PBSCF-NF, PBSCF-P, and Pt/C at 
different potentials. (d) H2O2 yield of PBSCF-NF, PBSCF-P, and Pt/C. (Electrode rotation speed: 1600 
rpm, Scan rate: 10 mV s-1, Catalyst loading = 0.796 mg cm-2) 
 
The ORR performance was further studied in the same electrolyte (0.1 M KOH solution, PH=13). As 
shown in Fig. 7.8(a), PBSCF-NF showed more positive onset potential than PBSCF-P and BSCF. 
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Meanwhile, it showed compatible onset potential that was only 134 mV difference compared to Pt/C. 
The enhanced electrocatalytic activity of PBSCF-NF was identified by the smaller Tafel slope (98 mV 
dec-1) relative to PBSCF-P (102 mV dec-1), Pt/C (112 mV dec-1), and BSCF (121 mV dec-1).15 
Although the PBSCF-NF showed a relatively low half-wave potential compared to that of the Pt/C, 
the ORR performance was comparable to the recently reported non-perovskite-type catalysts. To 
obtain more information of the ORR process, the electron transfer number (n) and peroxide yield were 
calculated based on the RRDE results and following equations; 
n = 4 × 
Id
Id+Ir 𝑁⁄
  (1) 
HO2




where Id is disk current, Ir is ring current, and the collection efficiency (N) is 0.41 determined by 
experimental measurement. The electron transfer number of PBSCF-NF in the potential range of 0.3-
0.6 V was 3.77-3.89 which was larger than that of PBSCF-P (3.62-3.77) and BSCF (3.59-3.74).44 It is 
very close to the n value of Pt/C (4.00), and it is possible to efficiently reduce oxygen to OH- through 
highly desired four electron pathways (Fig. 7.8(c)). Furthermore, the peroxide yield was less than 11 % 
for PBSCF-NF in the potential range of 0.3-0.6 V, while it was much higher than 35 % for BSCF (Fig. 
7.8(d)).23 Interestingly, even though PBSCF-P exhibited smaller electron transfer number and higher 
peroxide yield when it compares to PBSCF-NF, two parameters were much better than those of 
perovskites and non-perovskite-type metal oxides. In other words, the intrinsic catalytic properties of 
PBSCF perovskite oxide are extremely admirable based on two parameters. Furthermore, the ORR 
stability of PBSCF-NF was investigated by a long-term cycling test (3000 cycles) in 0.1 M KOH 
solution and the HR-TEM images after cycling test, showing no significant performance degradation 





Figure 7.9 Cyclic voltammetry profiles of PBSCF-NF in an O2-saturated 0.1 M KOH solution with 
scan rate of 10 mV s-1. 
 
The Zn-air battery was fabricated by using the gas diffusion layer loaded with catalysts for the 
cathode, Zn plate anode, and 6 M KOH electrolyte. The discharge polarization curves of PBSCF-NF 
and Pt/C were obtained by scanning current density upto 300 mA cm-2 as shown in Fig. 7.11(a). The 
power density of PBSCF-NF showed 127 mW cm-2, higher than that of pristine air electrode (109 mW 
cm-2) (Fig. 7.11(b)). Figure 7.11(c) presented the discharge curves of each electrode at a discharge 
current density of 10 mA cm-2. Although PBSCF-NF exhibited a lower operating voltage (1.25 V) 
than Pt/C (1.38 V), the duration of PBSCF-NF (56k seconds) was much longer than that of the Pt/C 
(48k seconds) and pristine air electrode (43k seconds). Figure 7.11(d) displayed the charge-discharge 
cycling stability tests of the Zn–air battery at exceptional high current density of 10 mA cm-2. 
Apparently, in early discharge cycles, the discharge voltage of PBSCF-NF cathode showed 
comparable results with the mixed Pt/C+IrO2 composite. Even though PBSCF-NF cathode showed 
notably stable discharge voltage during whole cycling test (150 cycles), Pt/C+IrO2 composite cathode 
rapidly decreased during the long-term cycling. The potential gaps between charge and discharge of 
PBSCF and Pt/C+IrO2 were increased ~0.25 V and ~0.40 V during the cycle, respectively. Therefore, 
the cation ordered PBSCF-NF is one of the best performing nonprecious metal bifunctional catalysts 






Figure 7.10 the HR-TEM picture after the long stability test. 
 
 
Figure 7.11 (a) Current density–voltage curves. (b) Power density curves. (c) Discharge curves at a 
current density of 10 mA cm-2 of Zn–air battery using Pt/C, PBSCF-NF and pristine air electrode. (d) 
Discharge and charge cycling curves of rechargeable Zn–air batteries based on PBSCF-NF and the 





In this study, we demonstrated the notable effects of the cation ordered perovskite oxide PBSCF-NF 
as a highly active and stable non-precious catalyst for the OER and ORR in alkaline media. The 
optimized PBSC1.5F0.5 nanofiber was exhibited much better OER and ORR performance than its 
bulk particle and BSCF perovskite. The enhanced catalytic performance of PBSCF-NF is originated 
from the mesoporous nanofiber structure and advanced intrinsic properties, such as high electrical 
conductivity, fast oxygen kinetics, and structural durability. Those favorable results lead the 
enhancement of the Zn-air battery performance and the charge-discharge cycling stability. Therefore, 
the mesoporous nanofiber PBSCF-NF is highly promising catalyst for rechargeable metal-air batteries 
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